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Abstract 
 
The aim of the research is to investigate the methodology of the design and 
fabrication of folding robots that depend on the origami structures. The use of 
origami structures as a foundation to build reconfigurable and morphing robots 
that could assist in search and rescue (SAR) tasks are investigated. The design 
of the origami folding structures divided into three stages: consideration of the 
geometry of the origami structure, the hinge design, and the actuation system.  
The result of investigating three origami structures shows the ability to use the 
unit cell of the origami ball structure as a self-folding element. Furthermore, the 
novel type of origami structure for manipulation was created according to this 
result. This novel structure was designed to be a soft manipulation robot arm.  
Two approaches are used to design and fabricate flexure hinge. The first is by 
using a 3D printed multi-material technique. By this technique, the hinge printed 
using soft and solid material at the same time, which is Tango plus flx930 for soft 
material and Vero for solid material. The soft material act as a flexure hinge. 
Therefore, three tests were operated for it to calculate the tensile force, fatigue 
limit, and the required bend force. The second approach is by using acrylic and 
Kapton materials. 
Two types of actuation systems were studied: the external actuation system and 
embedded actuation system. The external actuation system was used for the 
Origami structure for manipulation, while the embedded actuation system was 
used for the self-folding structure. The shape memory alloy wires in torsion 
(TSW) and bending (BSW) was used in an embedded actuation system.  
A unit cell of origami ball was fabricated as a self-folding element by using three 
approaches: manually, acrylic, and Kapton and 3D printing. It is actuated by 
using shape memory alloy wire. Furthermore, an origami structure for 
manipulation was fabricated and actuated using an external actuation system. 
This novel type of origami structure provided an excellent bend motion ability. 
 
iii 
 
Table of Contents 
 
 
Acknowledgements………………………………………….……………..…….i 
Abstract……………………………………………….………………..………….ii 
Table of Contents……………………………………………………..………….iii 
List of Tables…………………………………………..…………….……..……vi 
List of Figures………………………………………………..………..…………vii 
List of Abbreviations…………………….…………………..………………….xii 
Chapter 1 INTRODUCTION ..................................................................... - 1 - 
1.1 Introduction .................................................................................. - 1 - 
1.2 Motivation .................................................................................... - 3 - 
1.3 Aim and objectives ...................................................................... - 4 - 
1.4 Statement of Contribution ............................................................ - 4 - 
1.5 Published Documents (Appendix A) ............................................ - 4 - 
1.6 Structure of Thesis ...................................................................... - 5 - 
Chapter 2 LITERATURE REVIEW ........................................................... - 7 - 
2.1 Introduction .................................................................................. - 7 - 
2.2 Exploration and Search and Rescue Robots ............................... - 8 - 
2.2.1 Modular Robots ................................................................ - 10 - 
2.2.2 Modular Snake Robots ..................................................... - 15 - 
2.2.3 Legged Robots ................................................................. - 20 - 
2.2.4 Swarm Robots .................................................................. - 21 - 
2.3 Minimally invasive Robots ......................................................... - 21 - 
2.4 Folding Robots .......................................................................... - 22 - 
2.4.1 Self-folding Structures ...................................................... - 26 - 
2.5 Conclusion ................................................................................. - 34 - 
Chapter 3 ORIGAMI STRUCTURES FOR LOCOMOTION AND 
MANIPULATION ............................................................................ - 36 - 
3.1 Introduction ................................................................................ - 36 - 
3.2 Origami Structure ...................................................................... - 36 - 
3.3 Tessellation Origami .................................................................. - 39 - 
3.3.1 Miura Origami ................................................................... - 39 - 
3.3.2 Origami Ball...................................................................... - 44 - 
iv 
 
3.4 Modular Origami: Twisted Tower ............................................... - 47 - 
3.5 Mechanical Uses of Origami ...................................................... - 48 - 
3.6 Structures for Self-Folding ......................................................... - 49 - 
3.7 Origami Structure for Locomotion .............................................. - 50 - 
3.8 Modular Origami Structure for Manipulation .............................. - 53 - 
3.9 Conclusions ............................................................................... - 57 - 
Chapter 4 HINGE DESIGN .................................................................... - 58 - 
4.1 Introduction ................................................................................ - 58 - 
4.2 Types of Hinges ........................................................................ - 59 - 
4.3 Hinge analysis ........................................................................... - 61 - 
4.4 Materials and Mechanical Tests ................................................ - 64 - 
4.5 3D Printed materials .................................................................. - 66 - 
4.5.1 Tensile Test for Tango Plus ............................................. - 68 - 
4.5.2 Bending Test for Tango Plus ............................................ - 71 - 
4.5.3 Fatigue test for Tango Plus .............................................. - 75 - 
4.6 Kapton and Laser cutting approach ........................................... - 78 - 
4.6.1 Mechanical properties of Kapton ...................................... - 78 - 
4.6.2 Kapton Fatigue Test ......................................................... - 80 - 
4.7 Conclusions ............................................................................... - 82 - 
Chapter 5 ACTUATION ......................................................................... - 83 - 
5.1 Introduction ................................................................................ - 83 - 
5.2 External Actuation ..................................................................... - 84 - 
5.2.1 Force transmission using string ........................................ - 85 - 
5.2.2 Force transmission using 3D printed chain ...................... - 88 - 
5.3 Embedded Actuation ................................................................. - 94 - 
5.3.1 Smart materials ................................................................ - 95 - 
5.3.2 Shape memory wire actuators.......................................... - 96 - 
5.3.3 Force test device for SMW actuators ............................. - 100 - 
5.3.4 SMW force tests ............................................................. - 102 - 
5.4 Discussion ............................................................................... - 107 - 
5.5 Conclusions ............................................................................. - 108 - 
Chapter 6 DESIGN AND FABRICATION OF FOLDING STRUCTURES……
 ..................................................................................................... - 109 - 
6.1 Introduction .............................................................................. - 109 - 
6.2 Fabrication of Self-Folding Structures ..................................... - 109 - 
6.2.1 Unit Cell of Origami Ball (Waterbomb) Structure ............ - 110 - 
v 
 
6.2.2 Self-Folding 3D Printed Cube ......................................... - 114 - 
6.3 Origami Structure for Manipulation Robot (OSM-BOT) ........... - 117 - 
6.3.1 The Fabrication of (OSM-Bot) ........................................ - 118 - 
6.3.2 Fabrication of OSM-BOT using Acrylic and Kapton ....... - 123 - 
6.3.3 The Ability to Fabricate the OSM-BOT using a 3D Printer
 ……………………………………………………………..- 125 - 
6.4 Conclusions ............................................................................. - 126 - 
Chapter 7 CONCLUSION AND FUTURE WORK ................................ - 128 - 
7.1 Assessment of research objectives ......................................... - 128 - 
7.2 Conclusion ............................................................................... - 130 - 
7.3 Future work ............................................................................. - 131 - 
 List of References…………………………………………………………-133- 
Appendix A…………………………………………………………………..-139- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
vi 
 
List of Tables 
Table 2.1 The size, weight and speed of some rescue robots. ................. - 9 - 
Table 2.2 M-TRAN III Specifications [20]. ............................................... - 13 - 
Table 2.3 Physical Characteristics of some self- reconfigurable systems…….
 ........................................................................................................ - 15 - 
Table 2.4 Unified snake robot specifications. .......................................... - 16 - 
Table 3.1 Specifications of origami structures. ....................................... - 47 - 
Table 3.2 The sequence steps of joints activation angles of the fourth wave 
style. ............................................................................................... - 52 - 
Table 4.1 Relationship between the εmax and hinge parameters (b and t)…….
 ........................................................................................................ - 63 - 
Table 4.2 Some types of 3D printer materials and their applications [75] - 67 - 
Table 4.3 the force for different angles of folding with the thickness (t= 1mm).
 ........................................................................................................ - 74 - 
Table 4.4 Physical Properties of DuPont™ Kapton® HN at 23°C (73°F) - 79 - 
Table 5.1 Specifications of servo motor (MG996R) ................................ - 85 - 
Table 6.1 Working phases of the OSM-Bot. .......................................... - 121 - 
vii 
 
List of Figures 
 
Figure 2.1 Types of some rescue robots that used in the World Trade Centre 
disaster (a) The iRobot Packbot. (b) Foster–Miller Solem. (c) Inuktun 
MicroVGTV [9]. ................................................................................. - 8 - 
Figure 2.2 (a)The ATRON module, 11 cm in diameter. Left: CAD model of the 
ATRON module with plastic cover. Right: Photo of a fully functional 
ATRON. (b) Three groups of seven ATRON modules. From left to right, 
the configurations are snake, cluster-walk and car [18]. ................. - 11 - 
Figure 2.3 (a) Conro module. (b) Conro robot at snake form. (c) Conro robot 
at quadruped form. [16] (d) Nine PlayBot modules attached together in a 
snake configuration. [19] (e) M-TRAN Module I (left) II (center) III (right). 
[20]  (f)SuperBot module. [21] (g) UBot modules. Active module (left). 
Passive module  (right). [22] ........................................................... - 12 - 
Figure 2.4 MTRAN III four legged configuration [20]. .............................. - 14 - 
Figure 2.5 Photograph of the Unified Snake  Robot climbing a tree [25]. - 17 - 
Figure 2.6 Overview of the (a) Souryu-VII and its specification. (b) Souryu-VIII 
and its specification.  (c) Souryu-IX and its specification [26]. ........ - 18 - 
Figure 2.7 The modular snake-like inspection robot KAIRO 3 [27]. ........ - 19 - 
Figure 2.8 Nomenclature and functions for segments and joints in the OT-4 
[29]. ................................................................................................. - 19 - 
Figure 2.9 TKSPIDER1[31]. .................................................................... - 20 - 
Figure 2.10 Cricket Robot with Joint Indications [32]. ............................. - 21 - 
Figure 2.11 The Deformable Wheel Robot [42]. ...................................... - 23 - 
Figure 2.12 Origami Wheel Robot with hooks [43]. ................................. - 24 - 
Figure 2.13 Twisted tower: (a) creases to fold an origami segment, (b) folded 
segment, (c) assembled tower when extended, (d) assembled tower  
when fully contracted, and (e) assembled tower when bent [44]. ... - 25 - 
Figure 2.14 Basic active fold concepts. Hinge type: (a) extensional, (b) 
torsional, and (c) flexural. Individual simplified free body diagrams of the 
hinge-face structure and the active element are also shown. Bending 
type: (d) bilayer consisting of an active and a passive layer, and (e) single 
layer  subjected to graded driving field. [51].................................... - 27 - 
Figure 2.15 Sheet with SMA hinges. A flat sheet maneuvers to fold towards 
an airplane shape [55]. ................................................................... - 29 - 
Figure 2.16 The worm-like robot with NiTi spring actuators on the body to 
generate the locomotion actions [3]. ............................................... - 30 - 
Figure 2.17 Four-fold robot prototype  with bidirectional actuators and sensors 
[58]. ................................................................................................. - 30 - 
viii 
 
Figure 2.18 SMP-based self-folding structures morphed under uniform 
heating [62]. .................................................................................... - 31 - 
Figure 2.19 (a) The two-dimensional inchworm robot, before it has folded into 
its functional shape. (b) The folded inchworm, after the servo and battery 
has been added. This robot weighs 29 g, and moves at a rate of 2 mm/s. 
[63] .................................................................................................. - 32 - 
Figure 2.20 A self-folding crawler robot built with the shape-memory 
composite [4]. ................................................................................. - 32 - 
Figure 2.21 The designed mobile robot and the actuation methods. (a)The 
outlook. (b) The creases pattern. (c) Walking mode by torque-based 
control. (d) Swimming mode by force-based control.[64] ................ - 33 - 
Figure 2.22 The developed electromagnetic coil system. [64] ................ - 34 - 
Figure 3.1 Crease pattern illustrating various origami concepts. ............ - 37 - 
Figure 3.2 Parameters that define the magnitude of a fold. .................... - 37 - 
Figure 3.3 (a)The creases pattern of the Miura origami (b) Its final shape after 
folding (c) The bend ability of the Miura origami. ............................ - 40 - 
Figure 3.4 Unit cell of Miura origami. ...................................................... - 40 - 
Figure 3.5 The length, width and height of unit cell of Miura origami when the 
value of effective angle γm changes from 180o to 0o. ...................... - 42 - 
Figure 3.6 Miura origami in its folded state with n1 vertices in x direction and 
n2 vertices in y direction. ................................................................. - 43 - 
Figure 3.7 The crease pattern of the Origami Ball (Waterbomb) and its final 
shape after folding. (a) Crease pattern (b) Origami ball in a wheel shape 
(c) Origami ball in a cylindrical shape (d) Origami ball in a spherical 
shape. ............................................................................................. - 45 - 
Figure 3.8 Unit cell of Origami Ball. Colors represents crease as mountain 
(red) or valley (blue). ....................................................................... - 45 - 
Figure 3.9 The final shape of Twisted Tower Modular Origami (a) two sections 
when extended (b) two sections when contracted (c) assembled tower 
when extended, and (d) assembled tower  when fully contracted. .. - 48 - 
Figure 3.10 The V-Rep model of simple strip with ten elements and nine 
revolute joints between the elements. ............................................. - 50 - 
Figure 3.11 The first wave style and the shape of V-rep model 
simulation……………………………………………………….. ........... - 51 - 
Figure 3.12 The second wave style and the shape of V-rep model simulation.
 ........................................................................................................ - 51 - 
Figure 3.13 The third wave style and the shape of V-rep model 
simulation…………… ...................................................................... - 51 - 
Figure 3.14 The fourth wave style and the shape of V-rep model 
simulation…………. ........................................................................ - 52 - 
Figure 3.15 The V-rep model with four-unit cells of origami ball in series and 
its ability to create bending in two directions (a) Flat structure (b) Convex 
bend (c) Concave bend................................................................... - 53 - 
ix 
 
Figure 3.16 The Origami Structure for Manipulation (OSM). (a) The original 
shape after folding. (b) OSM with a left bend. (c) OSM with a right bend.
 ........................................................................................................ - 54 - 
Figure 3.17 The Radius of curvature Ro and the angle φo of the arc that is 
created from the bending motion of OSM. ...................................... - 56 - 
Figure 4.1 Types of hinges created from connecting the flexible material with 
the rigid material (a) flexible material same thickness as solid material 
(b) solid material attached flexible material (c) flexible material 
sandwiched between solid materials (d) solid material sandwiched 
between flexible materials............................................................... - 60 - 
Figure 4.2 The relationship between the radius of curvature and strain for 
different beam thickness. ................................................................ - 62 - 
Figure 4.3 Simple sketch of a hinge with width b and thickness t. Starting from 
flat shape until it is completely folded. ............................................ - 63 - 
Figure 4.4 The relationship between the angle of folding θi and the strain ε for 
different hinge width (Hinge thickness t=1mm). .............................. - 64 - 
Figure 4.5 The tensile test machine ‘Instron 3369’. ................................. - 65 - 
Figure 4.6 (a)The Instron Electro-Puls E10000 dynamic machine. (b) The 
interface of Wave Matrix software with the position and load calibration 
options marked in red circles. ......................................................... - 66 - 
Figure 4.7 An engineering drawing of the tensile test specimens. All 
measurements given in millimeters. ................................................ - 68 - 
Figure 4.8 The tensile test specimen made from Tango Plus flx930. ...... - 69 - 
Figure 4.9 The tensile test specimens made from Tango Plus flx930 after test.
 ........................................................................................................ - 70 - 
Figure 4.10 The stress-strain curve for Tango Plus flx930. ..................... - 70 - 
Figure 4.11 The bending test specimens made from Tango Plus flx930. - 71 - 
Figure 4.12 Grippers of three-points bending. (a) Photo of the three-point 
bending gripper. (b) The free-body diagram of the three-point bending 
gripper............................................................................................. - 72 - 
Figure 4.13 The relationship between the force and angle of folding for three 
specimens (5mm) Thickness made from Tango Plus flx930. .......... - 73 - 
Figure 4.14 The folding angles -forces curves for different thickness 
specimens made from Tango Plus flx930. ...................................... - 73 - 
Figure 4.15 The relationship between the thickness and the force for different 
angles of folding. ............................................................................. - 74 - 
Figure 4.16 An engineering drawing of the fatigue test specimens. All 
measurements given in millimeters. ................................................ - 76 - 
Figure 4.17 The fatigue test specimen made from Tango Plus. flx930. .. - 76 - 
Figure 4.18 The fatigue test specimens made from Tango Plus after 
test………….. .................................................................................. - 76 - 
Figure 4.19 ε-N curve for the Tango Plus FLX930. ................................. - 77 - 
x 
 
Figure 4.20 The actual shape of double sides Kapton fatigue specimen. - 80 - 
Figure 4.21 ε-N curve for the double Kapton sides. ................................ - 81 - 
Figure 5.1 (a) The 1mm SK75 Dyneema Rope specimens. (b) The double 
figure-eight loop knot. ..................................................................... - 86 - 
Figure 5.2 (a) Tensile testing machine. (b) The specimens after testing. - 86 - 
Figure 5.3 Results of the tensile testing of 1mm SK75 Dyneema Rope. . - 87 - 
Figure 5.4 Stress – Strain curve for 1mm SK75 Dyneema Rope. ........... - 87 - 
Figure 5.5 Three types of 3D printed strings. From up to down, cylindrical rod 
(Tango Plus material), Tango Plus with Vero segments, and Vero chain.
 ........................................................................................................ - 89 - 
Figure 5.6 The design of 3 mm diameter 3D printed chain. (a) Design and 
dimensions of one element from the chain. (b) final shape after print.
 ......................................................................................... ………….- 90 - 
Figure 5.7 The finite element stress distribution results under applied axial 
loads for the 3D printed chain link (a) applied axial load 19N (b) applied 
axial load 23N. ................................................................................ - 91 - 
Figure 5.8 Six specimens of 3D printed chain. ........................................ - 91 - 
Figure 5.9 (a) Tensile testing machine. (b) The 3D printed chains after testing.
 ........................................................................................................ - 92 - 
Figure 5.10 Results of tensile testing for the 3D printed chains. ............. - 92 - 
Figure 5.11 The 4.5 mm diameter 3D printed chains compared with the 3 mm 
diameter 3D printed chain. .............................................................. - 93 - 
Figure 5.12 Tensile testing of the 4.5 mm diameter 3D printed chain. .... - 94 - 
Figure 5.13 Design parameters of the BSW and TSW actuators (a) BSW 
actuator (b) TSW actuator. .............................................................. - 96 - 
Figure 5.14 SMA wires in torsion (TSW) and bending (BSW) actuators types.
 ........................................................................................................ - 99 - 
Figure 5.15 Force test device for SMW actuators ................................. - 100 - 
Figure 5.16 (a)The load cell attached to 3D printed platform, and (b) the flat 
pad (90 folding angle) with fixed BSW actuator specimen. ........... - 100 - 
Figure 5.17 Graphical User interface for the force test device. ............. - 101 - 
Figure 5.18 Hysteresis Test curve for the force test device. ................. - 102 - 
Figure 5.19 Activation curve for BSW actuators (1 mm Diameter, 90o folding 
angle) using hot air activation process. ......................................... - 102 - 
Figure 5.20 Activation curve for BSW actuators with different angles of folding  
using the hot air activation process. .............................................. - 103 - 
Figure 5.21 Activation curve for BSW with the 90o folding angle and different 
diameters sizes using hot air activation process. .......................... - 104 - 
Figure 5.22 Activation curve for TSW actuators with the 90o folding angle and 
different diameters sizes using the hot air activation process. ...... - 105 - 
xi 
 
Figure 5.23 Activation curve for BSW and TSW actuators (1 mm Diameter, 
90o folding angle) using hot air activation process. ....................... - 105 - 
Figure 5.24 Activation curve for BSW actuators (1 mm Diameter, 90o folding 
angle) using two types of the activation process. .......................... - 106 - 
Figure 6.1 V-REP model of the unfolding, and folding of a single origami ball 
cell with active revolute joints. ....................................................... - 110 - 
Figure 6.2 Self-folding paper of a single origami ball cell before and after 
activation by using hot water (70 -90o C). (a) before activation (b) after 
activation. ...................................................................................... - 111 - 
Figure 6.3 Self-Folding unit cell of origami ball, which is made from acrylic and 
Kapton, before and after activation by using hot water (70 -90o C). (a) 
before heating (b) after heating. .................................................... - 112 - 
Figure 6.4 (a)Origami ball pattern printed by using 3D printer with multi-
materials technique. (b) Gaps at the border between solid and soft 
material. ........................................................................................ - 113 - 
Figure 6.5 Microscopic photos of the hinge printed using Tango Plus flx930 
material. (a) Gaps at the border between solid and soft material. (b) The 
cracks on the surface of the soft material. .................................... - 113 - 
Figure 6.6 (a) 3D printed Unit cell of Origami ball. (b) The layers of Tango Plus 
and Vero materials. ....................................................................... - 114 - 
Figure 6.7 V-REP model of the unfolding, and folding cube with active revolute 
joints. ............................................................................................ - 115 - 
Figure 6.8 Cube pattern printed by using 3D printer with multi-materials 
technique. ..................................................................................... - 116 - 
Figure 6.9 Five BSW actuators with 90o activation angle are attached to the 
structure of the 3D printed cube. ................................................... - 116 - 
Figure 6.10 Self-folding process by uniform heating. ............................ - 117 - 
Figure 6.11 One side of paper OSM-Bot. (a) Its crease pattern. (b) Final shape 
made from card paper. ................................................................. - 118 - 
Figure 6.12 Crease patterns of four sides and the top and bottom square 
bases that form one segment of OSM-Bot. ................................... - 119 - 
Figure 6.13 The final shape of OSM-Bot that contains three segments of OSM 
structure. ....................................................................................... - 119 - 
Figure 6.14 The control part of the OSM-Bot. ....................................... - 120 - 
Figure 6.15 The shape of OSM-Bot at its home configuration. ............. - 121 - 
Figure 6.16 Bending motion generated by one tensile force. ................ - 122 - 
Figure 6.17 Bending motion generated by two tensile forces. .............. - 123 - 
Figure 6.18 The steps of fabrication the sides of OSM-Bot segment and the 
final shape of OSM-Bot arm. (a) laser cutting of the acrylic sheet. (b) cut 
pieces placed on a Kapton sheet. (c) four cells side. (d) final shape of 
OSM-Bot. ...................................................................................... - 124 - 
Figure 6.19 The acrylic-Kapton OSM-Bot during the test. ..................... - 125 - 
xii 
 
List of Abbreviations 
 
SAR             Search and rescue 
USAR           Urban search and rescue 
UHMwPE     Ultra-High molecular weight polyethylene 
SMP             Smart memory polymers 
SMA             Shape memory alloys 
NiTi               Nickel titanium 
SMW            Shape memory wires 
BSW             Bending Shape memory wires  
TSW             Torsion Shape memory wires 
OSM             Origami Structure for manipulation  
DOF              Degree of freedom 
FEA               Finite element analysis 
- 1 - 
 
Chapter 1 INTRODUCTION 
 
 
 
 
1.1 Introduction 
Robots take their place in many aspects of modern life. They can be found in 
manufacturing, education, medicine, and many other fields. The major 
advantage that robots can offer is the ability to accomplish tasks that could not 
be achieved by humans. One example of these tasks is the exploration task. 
Many exploration tasks required a robotic assistant. Some of these tasks have 
very small and limited access. These tasks require operating robots with less 
damage to access. There are two examples of these situations which are the 
search and rescue of people from collapsed buildings and the surgery for difficult 
places in the body. 
The idea of using the robots in search and rescue tasks was proposed in 1980, 
but the search and rescue robots (SAR) were not used practically until the 11 
September terrorist attack on the World Trade Centre. This regrettable event 
provided an opportunity to test the urban search and rescue robots (USAR) in 
real rubble piles [1]. It seems that using (USAR) robots decrease the civilian 
casualties with less effort. 
However, the using of (USAR) robots practically reveals issues in the robot 
platform. The common challenges facing the robots are the limited access and 
risks of these accesses. These obstacles happened because most buildings are 
constructed of bricks and concrete, and these materials can turn into grains when 
they crash. Therefore, sometimes the rubble piles of these buildings are not 
providing an appropriate access for (USAR) robot. Moreover, these accesses 
are risky because they can collapse when the robot hits an unexpected obstacle. 
These causes lead to thinking about using the minimally invasive technique for 
the above situation. 
The minimally invasive technique is the procedure of using a robot with small 
size to reduce or element any damage that can happen due to the operation of 
the task. The size of the robot is the main issue that will facing the researchers 
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when they design a robot according to minimally invasive technique. The 
problem is the size of the robot should be small enough to be inserted from a 
narrow access, and it should have an appropriate size for locomotion system. 
This situation leads to thinking of morphing structure which can reconfigurable 
and change its structure from small size to a big size. Some researchers design 
small units that could connect to configuration a big size shape of a robot. These 
robots are known as a modular robot [2]. Another solution is building a three-
dimensional structure from the two-dimensional sheet by using the folding 
technique.  
In the last few years, some researchers consider the origami robots and self-
folding sheet to be potential solutions for the applications that require a morphing 
structure [3], [4]. The ambition of these researchers is to reach the design of a 
robot with a high degree of freedom which is simple manufacturing and 
inexpensive. In addition, it can be self-folding, and self-assembly and it can be 
used to operate a minimally invasion task because it is folded from a 2D sheet 
into a 3D structure. 
Origami is a Japanese word that continued two sections “ori” meaning folding 
and “kami” meaning paper, which is mean the art of paper folding. Origami 
fabrication is an important design principle in nature [5]. For example, flowers 
and leaves of many plants are folded within the bud, insect wings often exhibit a 
folded morphology inside the cocoons and carapaces [6], and the function of 
many proteins is dependent on the way they fold from chains of amino acids [7]. 
In engineering, origami is associated with folding processes in which a structure 
is created from a sequence of spatially organized folds, similar to an umbrella. 
The concept of origami can also be explored as a design tool in engineering. 
Starting with a single sheet of paper or even a linear string, complex 3D objects 
with distinct mechanical properties can be constructed by folding. 
Therefore, concepts borrowed from the art of origami and from nature can be 
applied to create a new type of robots called origami robots. Origami robots are 
autonomous machines, whose shape and function are created by folding. Their 
bodies are made of several dynamic folds that perform together to actuate the 
machine. The origami robot is made of a single planar sheet that is folded into a 
complex 3D structure. Origami robots have built- in compliance because of the 
geometry of the folds and the creases in the material, and they are semi-soft, 
that is, they exhibit the properties of both rigid and soft robots [8]. At the same 
time, rigid structures and spatial linkage mechanisms can be created owing to 
the tiling structure and origami folding pattern. 
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The origami approach to making robots can be considered a top-down approach. 
This is in contrast to the conventional bottom-up approach for making robots, 
that is, independent components such as nuts and bolts are manually assembled 
in an incremental way, requiring time, effort and expertise. Origami robots 
provide an opportunity to simplify and accelerate the design and fabrication of 
robots. However, fabrication of origami robots has several technique issues 
starting from the origami structure, the type of material used, to the actuation 
system. Until now there is no clear vision about origami structure behaviour and 
many research still study various kinds of origami structures. Most of the origami 
robots are made from paper or card papers reinforcement with a layer from other 
material. There are some origami robots fabricated using plastic or other rubber-
like material but the researchers still looking for a suitable material that could 
replace the paper in the origami robot. 
 
 
1.2 Motivation 
The motivation for this research is to undertake research and development into 
fabrication approaches of origami structure. Fabrication the robots by using the 
origami-inspired structures is a simplified method for the design and fabrication 
of complex mechanisms that are required to build complicated reconfiguration 
robots. Origami-inspired fabrication approaches have the potential to enable 
novel prompt fabrication and customization of robots. 
Origami robots have many advantages compared with traditional robots, 
including the ability to achieve autonomous locomotion, manipulation, and 
performance by morphing the shape of their structures, by actuating continuously 
along with their bodies and by deforming to adapt their bodies to the task and 
environment. Origami robots can change their shape to specific tasks and 
environments, and achieve agility of motion by using folding, unfolding and new 
folding technique. Origami robots can be fabricated from a variety of materials 
(for example, plastics, metal, and paper). 
This thesis discusses the approaches of fabrication origami robots to put a clear 
path that could be followed to analysis and experimentation origami shape 
design, materials, and actuators that used to fabricate origami robots. 
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1.3 Aim and objectives  
The overall aim of this study is to undertake research into the methodology of 
the design of folding robots that could simplify fabrication and actuation using 
modern fabrication approaches. To fulfil the project aim, the following objectives 
should be achieved: 
1. Explore the geometry of origami structures and their ability to carry out 
operating tasks. 
2. Explore the material properties of 3D printed structures to find suitable 
structures and materials for create fluctuation hinges. 
3. Investigate actuation systems for folding structures. 
4. Explore the behaviour of the Shape Memory Alloy (SMA) actuators.   
5. Design and fabricate an origami robot arm. 
 
1.4 Statement of Contribution 
The main areas of original work carried out during this research are highlighted 
below. 
1. Investigated 3D printed fluctuation hinges that was fabricated using 3D 
printing with multi-materials, and found that the material Tango Plus 
FLX930 is a suitable hinge material. 
2. Investigated the behaviour of the shape memory alloy (SMA) actuators 
and calculate their ability and limitations. 
3. Designed and fabricated a novel type of origami robot arm. 
 
1.5 Published Documents (Appendix A) 
Abtan, A. A., Richardson, R. C., & Thomas, B. (2016, October). Analyzing the 
3D printed material Tango plus FLX930 for using in self-folding structure. In 
2016 International Conference for Students on Applied Engineering (ICSAE) 
(pp. 114-118). IEEE. 
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1.6 Structure of Thesis  
The main body of this thesis consists of seven chapters. A breakdown of each 
chapter is given below. 
 
Chapter 1: Introduction 
This chapter describes the background, aim & objectives and methodology of 
the research. 
 
Chapter 2: Literature review 
This chapter reviews research into the applications of robot such as exploration 
and search and rescue robots to address the points that could be improved when 
using folding robots. Furthermore, the chapter reviews the research into self-
folding and origami robots to obtain further understanding to the design and 
fabrication technique that are used for creating these robots. 
 
Chapter 3: Geometry 
In this chapter the origami structure is described and explained. And some types 
of origami structures are analyzed, and the ability to use in mechanical 
engineering is discussed. In addition, the geometric parameters and 
mathematical models are defined for these origami structures. The chapter also 
contains some practical examples of origami structures. The differences 
between these origami structures are explained in this chapter. The self-folding 
ability is described with the ability of locomotion. Furthermore, a novel type of 
origami structure for manipulation is illustrated. 
 
Chapter 4: Hinge Design 
In this chapter, the behaviour of the hinge is analysed and the parameters that 
affect the folding structures during the folding process are calculated. A 3D 
printed soft material is tested for use as a hinge material and the results are 
discussed. In addition, the hinge in folding structures fabrication by laser cutting 
is described. Finally, the properties of the Kapton film material, which it is used 
as a hinge in the folding structures fabrication , are compared with the other 
approaches. 
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Chapter 5: Actuation 
In this chapter, the external actuation is described and two types of force 
transmission tools are analysed, force transmission using string, and force 
transmission using 3D printed materials. After that, the embedded actuation is 
described. The smart materials are investigated and the shape memory wire 
actuators are examined and tested. 
 
Chapter 6: Design and fabrication folding structure  
In this chapter, the fabrication of self-folding samples by using three different 
methods and materials are illustrated. The fabrication of OSM-Bot is 
demonstrating in this chapter. Furthermore, OSM-Bot behaviour and motions are 
examined, and the results are shown. 
 
Chapter 7: Conclusion and Future work 
This chapter presents and discusses the five research objectives were outlined 
in section 1.3 and identifies the extent to which they have been fulfilled during 
this study. And summarised the conclusions and future work of design and 
fabrication the origami folding robots. 
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Chapter 2 LITERATURE REVIEW 
 
 
 
 
 
 
2.1 Introduction 
The design and fabrication of the folding robots require to study and review of 
the origami structures. The study contains the modelling, the algorithm, and the 
computational design of origami structures during the last decades to make a 
clear view of the development of origami. Furthermore, it is important to 
understand the ability to fabricate these origami structures and the approaches 
that were used for fabrication them. It is also important to review existing work 
on the fabrication of the folding robot to understand how other researches have 
chosen the materials and the actuators that built these folding robots, and the 
reason behind these selections. But the first point is to study the application fields 
that can use folding robots and compare the traditional robots that were used in 
these applications with the folding structures. The applications such as search 
and rescue; minimally invasive technique and exploration are the most fields that 
can make huge progress when using folding robots in their applications. 
In this chapter, the traditional exploration and search and rescue robots are 
presented with the explanation of the development for these robots. 
Furthermore, the two recently robotics types that use in exploration and search 
and rescue fields are investigated which are the modular robots and the snake 
robot. After that, the technique of minimally invasive is explained with some 
examples. Folding robots are discussed in section 2.3 and research on self-
folding structures with the novel actuators, which are used in a self-folding 
structure, are demonstrated. Finally, there is a brief conclusion.  
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2.2 Exploration and Search and Rescue Robots 
The first practical use of robotics in search and rescue operation was during the 
11 September which was the World Trade Centre disaster. In that event, many 
types of rescue robots were used to search for victims such as the PackBot from 
I-Robot, Solem, and Talon from Foster-Miller and Micro VGTV from Inuktun [9], 
see Figure 2.1. All these robots are a tracking robot that can move with a suitable 
average speed, but the main issues are the size and weight, especially when the 
task required to insert the robot from a small void in a rubble with the concern of 
the secondary collapses. Table 2.1 shows the size and weight of some rescue 
robots [10]. From the table, you can see that the smallest one is the Micro VGTV 
robot, and it can adjust its height from 25.39 to 6.35 cm, but that lead to extending 
its length from 19 to 31.75 cm [11]. Therefore, the extending in length, which 
causes by reaching the appropriate height for the access, makes the avoidance 
of obstacles more difficult.    
 
 
 
 
 
 
(a) (b) (c) 
   
Figure 2.1 Types of some rescue robots that used in the World Trade Centre 
disaster (a) The iRobot Packbot. (b) Foster–Miller Solem. (c) Inuktun 
MicroVGTV [9]. 
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Table 2.1 The size, weight and speed of some rescue robots. 
 
Robot Type 
Length 
(cm) 
Width (cm) 
Height 
(cm) 
Weight 
(Kg) 
Speed 
(m/Sec) 
Packbot 68.6-88.9 40.6-52.1 17.8 18 2.5 
MicroVGTV 19-31.75 16.5 6.35-25.39 4.5 0.076 
Solem 50 35.5 20.3 15 0.5 
Talon 86.4 57.2 27.9 15 2.2 
 
The researchers, Who develop these kinds of robots, recommend that using 
these tracked robots in outdoor missions such as exploration, searching and 
bombs treatment. For example, The Packbot was used to search for the chemical 
and nuclear weapons in Iraq [12]. Furthermore, the Telerob company produces 
two tracked robots that are used for bombs treatment. These robots are called 
the EOD and the telemax which have dimensions similar to the Packbot 
dimensions [13]. 
Moosavian divides the search and rescue robots into three major categories 
according to its locomotion system which are wheeled, tracked, and legged 
robots. He fabricated a mobile robot with a tracked locomotion system and called 
it Resquake [14]. He presented this robot as a search and rescue robot, but 
Resquake still have the same issues of tracked robots which are the size and 
weight. Its dimensions are 41-80 cm length, 40 cm width, and 26 cm height, and 
its weight is 25 Kg. 
The limitations of traditional rescue robots make many researchers trying to 
create a new approach to designing these robots. Researchers start to notice 
the issues of these robots and developed a new design to overcome these 
issues. Many researchers maintain that the tracked and wheeled locomotion 
systems are not appropriate for rescue environment and they propose that the 
new design of rescue robot should have a new type of locomotion system 
inspired from the nature such as the locomotion of snake or worm. However, 
other researchers believe that the rescue task required a high manoeuvrable 
robot, and the major issue of the traditional rescue robots is the rigidity. In the 
other side, some researchers declare that to enhance the performance of rescue 
robots, Its locomotion system should be developed and make it a reconfigurable 
robot. These opinions lead to many suggestion designs for search and rescue 
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robots such as modular robots, snake robots, and legged robot. In the following, 
all these types are discussed.     
 
2.2.1 Modular Robots 
 
The modular self-reconfigurable robot is a composed of many robotic modules 
that can be connected to form a robot which can autonomously change its shape 
and functionality.  Therefore, self-reconfigurable robots are more versatile 
comparing with other non-self-reconfigurable robot. It can change its shape to 
configuration a snake-like robot, a Hexapod robot and more different forms with 
different locomotion style. This flexibility is very suitable for the robotic system 
used in rescue operations [15]. 
Modular robots are classified according to its hardware to homogeneous or 
heterogeneous design. The homogeneous modular robots contain many 
modules that have the same design and same control system which connected 
to build a robot. With this type, the position of the module can define its 
functionality. The heterogeneous modular robots contain an exact number of 
modules that have a different shape for a different function. In this type, the 
function of the module can define its position [16]. In this section, the 
homogeneous type is discussed because it can be widely used in a search and 
rescue task.  
Based on the design of modules, the homogeneous self-reconfigurable robot can 
be divided into two categories: lattice-type and chain-type. In lattice-type robots, 
the self-reconfiguration is achieved by moving the modular, that requiring 
changing its position on the surface of other modules. The example of this type 
is A-TRON [17] which is a simple modular robot with one rotational DOF and it 
has eight connection ports (four male and four female connections). Although, it 
has one rotational DOF, it can operate locomotion by self-configuration to shape 
like a car or sink like [18]. See Figure 2.2. However, it has low speed and its size 
still the main issues to use with limited access. 
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(a) (b) 
 
Figure 2.2 (a)The ATRON module, 11 cm in diameter. Left: CAD model of the 
ATRON module with plastic cover. Right: Photo of a fully functional ATRON. 
(b) Three groups of seven ATRON modules. From left to right, the 
configurations are snake, cluster-walk and car [18].  
 
 
In the chain-type, the module can be connected and disconnected with other 
modules along with the joint motion of chains to different reconfiguration shape. 
An example of such Robots includes Conor [16], PloyBot [19], M-TRAN I-III [15] 
[20], SuperBot [21], and UBot [22]. The differences between these modules 
Robots are the number and the type of connection ports, the number of 
actuators, the number of DOF and control algorithm of self-configuration 
procedure. You can see the differences in modular robot designs in the Figure 
2.3. All these Robots can be configured a shape that can provide a locomotion 
movement. 
The commonly used modular Robot is the M-TRAN, see Figure 2.4. In 2002, 
Murata presented a robotic system called modular transformer (M-TRAN). Each 
one module of (M-TRAN) contains two semi-cylindrical boxed and a link that 
connects them together. 
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(a) (b) (c) 
  
(d) (e) 
 
 
(f) (g) 
 
Figure 2.3 (a) Conro module. (b) Conro robot at snake form. (c) Conro robot at 
quadruped form. [16] (d) Nine PlayBot modules attached together in a 
snake configuration. [19] (e) M-TRAN Module I (left) II (center) III (right). 
[20]  (f)SuperBot module. [21] (g) UBot modules. Active module (left). 
Passive module  (right). [22]  
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Every box can rotate from -90o to 90o around the axis at the end of the link from 
two sides by using two embedded servomotors. Every module has an active and 
passive box, and every box has three connection surfaces. The connection 
approaches depend on the permanent magnet in M-TRAN I, but it is changed to 
mechanical connection driven by servomotor in M-TRAN III [20]. You can see 
the specification of the M-TRAN III in the Table 2.2. 
 
Table 2.2 M-TRAN III Specifications [20]. 
 
Size and weight 65 x 65 x 130 mm, 420 g 
Case material Polyacetal, ABS (link) 
Motor 
Link: HS-GM21-DSD/KS2 (STL Japan) x2 
Connection: HS-GM21-ALG (STL Japan)x3 
CPU 
Main: HD64F7047 (32 bit, Renesus Corp) 
Sub: HD64F3687 (16 bit, Renesus Corp)x2; 
HD64F3694 (16 bit, Renesus Corp) 
Network CAN bus (1 Mbps) 
Wireless communication 
Bluetooth wireless modem (Zeevo ZV3001Z) 
Sensor 
10x IR proximity sensors 
IR diode (Panasonic LNA2801A) x13 
IR sensor (TAOS TSL260) x13 
Acceleration sensor (analog devices 
ADXL202E) x2 
Battery 
Lithium-polymer (K&S Thunder Power 7.4 V, 
730 mAh) 
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Figure 2.4 MTRAN III four legged configuration [20]. 
 
You can see from the table that the size and weight still the issues for using this 
robot in search and rescue mission when the mission required inserting from 
limited access. The table also shows the many components that are contained 
in one module such as five motors and 36 sensors. Moreover, the self-
reconfiguration process required more space and time which are not available in 
search and rescue task.   
When the modular robots are presented as a solution for search and rescue 
tasks, they are facing many essential issues. The first issue comes from the 
advancing of self-reconfiguration which is the connection and disconnection 
process, this process consumes much time and power, and sometimes the 
connection port failure. Therefore, Davey introduced a manual connection 
system for modular robots called ModLock, which is stronger than the other self-
configuration connection and he believes that the connection strength is 
insufficient in many modular robots [2]. Table 2.3 summarizes the weight, 
dimensions and connector type for some modular robot. 
Furthermore, the modular robot has a complex self-reconfiguration planning and 
control. Some research still studies the self-reconfiguration planning problem to 
find the least number of reconfiguration steps that are required to transform the 
modular robot’s configuration [23]. 
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Table 2.3 Physical Characteristics of some self- reconfigurable systems. 
System Weight (g) 
Dimensions 
(cm) 
Connector type Unisex 
CONRO 115 10.8 × 5.4 × 4.5 Mech. Pin/Hole, SMA No 
Polybot 200 5 × 5 × 5 Mech. Pin/Hole, SMA Yes 
M-TRAN 400 6 × 6 × 12 
(Versions I&II) SMA+Perm 
Magnets, 
(version III) Mech. Hooks 
No 
ATRON 850 ø11 Mech. Hooks No 
 
 
In concluding, the self-reconfiguration robot has an advantage of overcoming 
obstacles by changing its shape, but it still have many issues which prevent it to 
be a useful rescue robot. 
 
2.2.2 Modular Snake Robots 
Many researchers adopted to use a structure of robots which are inspired from 
snake locomotion, in a search and rescue mission. There are many advantages 
of using this type of robots. Such as: they have an appropriate flexibility to move 
in diverse environments, they can change their gaits to overcome different 
obstacles, and they can access through small holes that cannot be accessed by 
traditional rescue robots. The snake robots usually consist of segments, which 
are almost similar in the same robot, but sometimes they have slight differences. 
These segments have a movement of one DOF or two DOF (in special design 
they have 3 DOF). When these segments are connected, they give snake robot 
high DOF and flexibility. 
However, the simulation of snake locomotion is a very challenging process that 
lead to design many different types of robots to achieve this goal. These snake 
robots, which are used in rescue missions, can be classified into three 
categories: (a) The snake robots based on undulation using vertical were such 
as a Modular Snake Robot [24] and a Unified Modular Snake Robot [25]. (b) The 
snake robots with active wheels such as SOURYU [26] and KAIRO3 [27]. (c) The 
snake robots with active treads such as KOHGA2 [28] and OmniTread OT-4 [29]. 
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The snake robots that based on undulation using vertical wave consist of 
segments that have one DOF and connected alternatively. For example,  Wright 
designed the Unified Modular Snake robot that uses 16 modules units (including 
head and tail). Every module is rigid and contains two half joints of one DOF. 
Each joint can rotate 180o around the actuated axis. In each module, the 
actuated axis in its front rotated by 90o from actuated axis in its end. The module 
dimensions are 5.08 cm in diameter and 5.08 cm between joint axes. These 
modules give the Unified snake robot 16 degrees of freedom when they 
connected [25], see Figure 2.5. The Table 2.4 contains all specifications of 
Unified snake robots. 
Another example is the modular snake robot design by Chavan [30]. This snake 
robot consists of six modules with the head. A servo motor is used to drive each 
module. The actuated axes of the servo motor for each module is rotated 90o in 
the next module, i.e., the first module moves in a horizontal motion and the 
second module moves in a vertical motion. 
 
Table 2.4 Unified snake robot specifications. 
Power 
36 V, 1.5 A (typical) 
8.0 A (theoretical max) 
Data RS-485 Serial 
Video Analog NTSC 
Sensors 
3-axis Accelerometer, 3-axis Gyroscope, 
Temperature, Voltage, Motor Current, Joint Angle 
Actuators 
36 V Brushed DC Motor 
SMA Wire Parking Brake 
Torque 1.3 Nm Continuous 
Mass 
One Module: 0.16 kg 
Full 16 Module Robot: 2.9 kg 
Dimensions 5.1 cm Diameter x 94 cm Length 
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Figure 2.5 Photograph of the Unified Snake  Robot climbing a tree [25].  
 
SOURYU and KAIRO3 robots are the examples of the second type of snake 
robot which are using an active wheeled locomotion system. Suzuki presented 
the development of SOURYU VII to SOURYU IX [26]. Figure 2.6 shows the 
shapes and specification of them. SOURYU VII has multiple active wheels and 
an active elastic trunk. It consists of eight rigid segments and seven elastic 
segments. The rigid segment made from plastic and the elastic segment made 
from rubber. The locomotion system is driven by eleven actuators, eight for the 
wheels and three for the trunk. The three trunk actuators operate the pulling and 
releasing for the three stainless-steel wires, which are passing through the trunk 
from head to tail, to generate the yaw and binding movement.  
At SOURYU VIII, the numbers of trunk segment increased to eight semi-rigid and 
nine elastic segments. The number of wheels increases to ten, with ten actuators 
to drive them, changing the mechanism of trunk bending and made it driven by 
two actuators which are control two stainless-steel wires. While the improvement 
in SOURYU IX is using the passive elastic trunk connected to the rear of the 
active elastic trunk. The joint between them can be rotated 90o to make the axis 
of active eight wheels of the rear trunk perpendicular to the axis of active ten 
wheels of the front trunk. 
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(a) (b) 
 
(c) 
Figure 2.6 Overview of the (a) Souryu-VII and its specification. (b) Souryu-VIII 
and its specification.  (c) Souryu-IX and its specification [26].  
 
Another example is the KAIRO3 which can be also classified as a heterogeneous 
modular robot because it has two types of modules that built it. These two types 
are the drive modules and the joint modules. The drive modules have three pairs 
of active wheels. Each joint module has three actuated joints which are located 
at the front, rear and middle of each joint module. In addition, the axis of the 
middle actuator is tilted by 45o to the central axis of the joint module. This modular 
design gave more flexible motion to the KAIRO3. The number of modules that 
built KAIRO3 is six drive modules and five joint modules. The overall robot 
specifications are 1.8 m length, 16 cm diameter, and a weight of about 47 kg, 
See Figure 2.7. 
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Figure 2.7 The modular snake-like inspection robot KAIRO 3 [27]. 
 
The example of active tread snake robots is the OmniTread OT-4, See Figure 
2.8. This robot consists of seven segments and six 2 DOF joints. The center 
segment contains the motor that provides rotary power to each segment through 
a drive shaft spine. Each segment #2 and #6 contain a miniature air compressor 
that produces pneumatic power. This pneumatic power is used to operate the 2 
DOF joints [29]. The overall specifications are 94 cm length, 8.2 cm width, 8.2 
cm thickness and its weight 4 kg. It is a very useful robot for the environment of 
the search and rescue. Furthermore, it can pass through a 10 cm hole and 
cannot be staked because the active treads cover all body from four sides. 
 
 
Figure 2.8 Nomenclature and functions for segments and joints in the OT-4 [29].  
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2.2.3 Legged Robots 
 
Some researches adopt the legs as a locomotion system for robots used in the 
search and rescue task. They believe that the walking robot can easily overcome 
many obstacles by producing algorithms in all types of terrain in an advantage. 
Karakurt design a six-legged Spider robot which called TKSPIDER1 [31], See 
Figure 2.9. This robot can overcome many obstacles by using different gaits, but 
it is still having the same issues of traditional rescue robot which are the size and 
weight. 
Daves designed a robot with four legs called Cricket [32], See Figure 2.10. It is 
very useful to use at complex three-dimensional environment because it has four 
joint at each leg with the tracked part in the end. 
 
 
 
 
Figure 2.9 TKSPIDER1[31]. 
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Figure 2.10 Cricket Robot with Joint Indications [32]. 
 
2.2.4 Swarm Robots 
Swarm robotics is a new approach that recently used for SAR tasks. In this 
approach, many robots are used to operating tasks individually and as groups. 
Each robot is an autonomous agent that has actuators and sensors to be capable 
of searching autonomously. Swarm robots are capable of collaborating to do 
complex tasks such as transporting objects, moving over a hole, etc. [33]. 
Nowadays, the swarm robots in SAR means using a group of low-cost robots to 
perform the task of search and rescue in collaboration [34]. The searchers 
focused on the control system rather than the structure of the swarm robot. The 
control system for every robot should have the ability to work autonomously and 
with the group at the same time [35]. Recently, many control system approaches 
are used to gives useful behavior of swarm robots during the collaboration to 
preform SAR tasks and these approaches are still in progress [36]–[38].    
 
2.3 Minimally invasive Robots 
The minimally invasive technique is the procedure of using a robot with small 
size to reduce or eliminate any damage that can happen due to the operation of 
the task. This technique should be used in the search and rescue missions when 
the rubble prevents to get sufficient access, and there is a concern of secondary 
collapses. This technique is commonly used in surgery as ‘ Minimally Invasive 
Surgery’. The first time it was used by the National Aeronautics and Space 
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Administration (NASA) in 1972 as a project for producing a remote surgical 
system for astronauts [39].  
After a few years, a new surgical technique was invented in 1980 called " 
Minimally Invasive Surgery " MIS [40]. Nowadays, many robotic surgery systems 
are designed according to this technique. For example, the DA Vinci robot [41] 
which is the minimally invasive system used to operate many types of surgery 
for the last fifteen years. This system made many benefits to the patients such 
as  they experience less pain, lose less blood, have smaller incisions, have faster 
recovery, and can quickly return to their normal activities [39]. Furthermore, This 
system is very accurate, and its arms can be inserted into a small incision in the 
body, but it requires a bulky system outside the patient's body to provide the high 
degree of freedom for the end-effector.  
This type of design can be useful for the surgery, but it is not useful for other 
minimally invasive cases. However, The technique of minimally invasive can be 
used for another robot applications such as search and rescue and exploration 
and archeology. 
 
2.4 Folding Robots  
Using the folding structure is an appropriate way to have a rescue robot that 
could be inserted from limited access and change its structure to avoid the 
obstacles of the collapsed rubble. This approach could build a 3D structure from 
the 2D sheet and could create reconfiguration structures. The folding robots are 
inspired from the “origami” which is the Japanese’s word that means the art of 
folding papers. In this section, the recent researches of folding robots are 
discussed starting from printable manual folding robot reaching for the self-
folding structures and robots. 
However, there are no real applications of folding robots in search and rescue 
field except the two papers by Lee that present a prototype of rescue robots 
using origami wheels. Lee designed a robot with deformable wheels using the 
origami magic ball pattern to fabricate the wheels, See Figure 2.11. These 
wheels made from paper that is coated with Kapton film and laser machine was 
used to make the pattern. The diameter of these wheels is 70 mm, but by 
deforming them, the robot height decreases to 55 mm [42].  
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Figure 2.11 The Deformable Wheel Robot [42]. 
 
In 2014, Lee designed another robot which can be used on a rescue mission. He 
used the same wheel design of the previous robot, but he made it from a different 
material. The wheels are made of fabric, adhesive layer and P.V.C segments. 
Steel hooks are attached to the outer surface of the wheel to increase the robot’s 
climbing ability, See Figure 2.12. The specification of this robot is 970 g weight, 
0.3 m/s maximum speed and 55mm wheel diameter that can be increased to 
reach 120 mm (with the hooks). DC motor, sliding shaft and cable are used in 
the wheel deformation mechanisms [43]. 
The two robots using a folding structure to fabricate a simple part of the robot, 
but the unique characteristics of folding open the future to many unexpected 
designs that can be adopted in many robotic fields. For that reason, many 
researchers start to investigate the folding robot from different aspects in the last 
few years. 
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Figure 2.12 Origami Wheel Robot with hooks [43]. 
 
The two major categories of folding material depending on the folding process 
which are the manual folding and self-folding robots. These two categories 
depend on the same steps to fabricate the folding robots which are: 1.Planner 
and design the pattern, 2.select materials and fabrication procedure, and 
3.choose the actuators that operate the motion or locomotion in manual folding 
robots or operate the self-folding and locomotion in the self-folding robots. The 
researchers focus on how to fabricate simple, cheap and fast fabrication robots 
by using a folding approach. While in self-folding, the researchers focus on 
morphing the 2D sheet into 3D structure at the operation task or how can build 
reconfiguration robots by using folding approach. 
Some researchers build a printable robot using paper and folding it manually [44] 
[45]. Hoff used an origami structure, which is called “twisted tower” to create a 
thread actuated origami robot, see Figure 2.13. He called it Origami Bot-I Robot. 
This design can generate bending and twisting motions by pushing, pulling or 
torsional force applied to the origami structure. The origami Bot-I can be used as 
a manipulating arm and a worm-like crawling robot by using four DC motors. It 
can move at the speed 0.25 inch/Sec when using the directional passive flaps to 
prohibit backward movement [44]. 
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Zhang [45] built a worm-like robot, which is inspired by origami, using 0.3 mm 
thick sheet paper and shape memory alloy (SMA) as an actuator. This robot has 
a very slow speed because of the long time that’s required for cooling the SMA 
springs before it can be actuated again [45]. Other researchers built a printable 
robot, but they use a polyester sheet and folding it manually. For example, Agheli 
use a single sheet of polyester with a laser cutting machine to fabricate a 
lightweight foldable hexapod robot (42 g) which can be used for swarm 
applications over rough terrain [46]. 
 
 
Figure 2.13 Twisted tower: (a) creases to fold an origami segment, (b) folded 
segment, (c) assembled tower when extended, (d) assembled tower  when 
fully contracted, and (e) assembled tower when bent [44]. 
 
Mehta [47] has developed a design environment to quickly and easily fabricate 
printable robots. He built up a method that could abstract 2D fold patterns using 
scripted objects which are written in the Python language. This method can 
generate hierarchical printable-folding mechanical designs [47]. Furthermore, 
Metha used four ways to fabricate the printable robot and compared these 
different ways [48]. These ways to fabricate a robot use:  
1. Laser cutting machine and a polyester sheet with manual folding. 
2. Printed paper with manual cutting and folding.  
3. 3D printer to print 3D structure. It does not require folding process (it should 
be not considered as folding robots because it is printed as a solid object).  
4. Three layers that contain a top cardboard, shape memory polymers, and 
bottom cardboard layer. These layers can be assembled to form a self-folding 
structure which goes to required design geometry when it is heated.  
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The aim of Mehta’s research is to simplify the design and fabrication process of 
folding robots to make it easy to use by non-expert persons. The work produces 
a library of many scripts to design folding robots that can be used in the future 
for different applications. 
 
 
2.4.1 Self-folding Structures 
Self-folding is the ability of the structure to fold and/or unfold without human 
intervention or any application of external manipulation. The common approach 
to reach this capacity is using active materials as an agent to fold generation. 
The active material is a material that has the capability to convert many types of 
energy to mechanical work [49]. The examples of it are the shape memory alloys 
(SMA) and the shape memory polymers (SMP). These active materials can 
operate folding or sometimes unfolding process for self-folding structures when 
they are used as actuators. The approach of generating folds using active 
material can be divided into two categories: hinge type and bending type.  
Most hinge-type work as actuators according to these three concepts 
‘extensional’, ‘torsional’ and ‘flexural’. The extension concept means that the 
length of active material, which is used as a rod or spring form and attached from 
its ends to the faces connected by hinge, controls the rotation of the hinge, See 
Figure 2.14 (a). The torsional concept uses spring or a rod, which made from 
active materials to provide twist at the hinge. The rotation of the hinge depends 
on the twist angle of the active material [50], See Figure 2.14 (b). In the flexural 
concept, the active material can be present a folded configuration that has been 
manufactured to form it, before it is deformed to a flat configuration. This active 
material bonded to the faces of the passive material and when it returns to its 
folded configuration, the local hinge take the same form, See Figure 2.14 (c). 
All these types can operate folding in both directions by putting an active material 
that worked opposite to the major one. For example, it can make the torsional 
concept folding in both directions by using two active materials that have a twist 
in opposite directions. Furthermore, this can be achieved in extensional and 
flexural concepts by using two active elements that work one opposite to another. 
(i.e., have opposite configurations for the flexural or attached on opposite sides 
of the sheet for the extensional). 
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Figure 2.14 Basic active fold concepts. Hinge type: (a) extensional, (b) torsional, 
and (c) flexural. Individual simplified free body diagrams of the hinge-face 
structure and the active element are also shown. Bending type: (d) bilayer 
consisting of an active and a passive layer, and (e) single layer  subjected 
to graded driving field. [51] 
 
 
The other type of generating folding is the bending. In this type, the active 
material can directly cause for sheet bending and sometimes without using the 
hinge mechanism. This type contains two kinds which are the single layer and 
multi-layer, See Figure 2.14 (d) and (e). The single layer concept is the approach 
of self-folding via bending by using one active layer without hinges. In this type, 
the bending in sheet became from the actuation strain distribution through the 
sheet thickness, which is generated from the gradient of active layer when it is 
subjected to a graded driving field. However, this type of folding is difficult since 
it is not effective to maintain gradients at specific locations in some physical fields 
[52]. 
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In the multi-layer concept, the sheet made from two or more layer laminate with 
some passive layer and some active layer. If it is made from two layers, it consists 
of one passive and one active layer. When the active material activated by 
applying an actuation inducing field (thermal, magnetic, etc.), it is deformed 
axially (generally shrinkage). While the passive material is not deformed and this 
difference between the two layers makes the sheet locally bending. This concept 
can be applied to generate two directional bending by using three layers, which 
consists of two opposing actuator layers of active material and separated by a 
passive material [51]. It is noticed that the self-folding structures are not entirely 
depended on the active material actuators. However, they are the most 
commonly used, but there is some application of self-folding depend on another 
actuator, such as a small type of the servo motor [53]. 
For the clear understanding of active self-folding structures, some examples of 
self-folding structures are demonstrated here. Most of these structures depend 
on thermally-activated self-folding. This approach is widely used for self-folding 
because there are many methods available for localized supply of heat. 
However, there is a design challenge for controlling the particular distribution of 
temperature because of the diffusive nature of heat. Most of thermally-activated 
self-folding using SMAs and SMPs as an actuator.  
On the SMA side, Hawkes and Paik [54] [55] developed a concept of self-
morphing origami. They designed and fabricated a sheet with repeated triangular 
tiles, which are connected by actuated hinges to create a universal crease 
pattern. The actuating hinges, which are used on the edges of triangular tiles, 
are made from thin (100 µm) Nitinol foil. This sheet provides high flexibility to 
form many shapes because of the configuration of the repeated triangular tiles 
that the sheet consists of them. This system achieves to folding many traditional 
origami shapes such as a plane or a boat from the single planar sheet and it 
improves that it is successful to be a self-folding origami structures, See Figure 
2.15. 
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Figure 2.15 Sheet with SMA hinges. A flat sheet maneuvers to fold towards an 
airplane shape [55].  
 
 
An and Rus developed this approach to be considered for n×m  self-folding 
sheet. They presented a design and programming guide for this type of self-
folding sheet. Furthermore, they described and analyzed the model and the 
algorithms that create the designs and programs for the self-folding sheets [56].  
Moreover, self-folding using SMA are also adopted to design robots. Onel 
Introduced an origami-inspired strategy that considers the ability to create a 
three-dimensional robotic system by using two-dimensional fabrication methods 
[57]. Complicated bodies of origami robots can fabricate by using flat sheet and 
laser machine. They presented the fabrication and assembly process of a worm-
like robot that can undergo peristaltic locomotion [3]. NiTi spring actuators are 
installed on the body of the worm-like robot to generate the locomotion actions, 
See Figure 2.16. Firouzeh developed a four-fold robot that can be moved using 
four folded legs actuated with SMA [58] [59]. This small robot showed promising 
locomotion characteristics, See Figure 2.17. 
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Figure 2.16 The worm-like robot with NiTi spring actuators on the body to 
generate the locomotion actions [3]. 
 
 
 
 
Figure 2.17 Four-fold robot prototype  with bidirectional actuators and sensors 
[58]. 
 
The other type of thermally activated actuators is the SMPs which provides 
actuation at high strain with low force. The researchers have studied different 
approaches to heating the SMP, such as uniform heating, resistive heaters and 
light activation [60]. For the uniform heating activation, the self-folding structure 
consists of three layers of making the SMP layers in the middle of two 
paperboards or plastic sheet layers. They control the angle of folding by having 
a difference gap width on the outer layers [61]. The patterns of the self-folding 
structure can be fabricated using laser machine system [62]. Some examples of 
self-folding structure that using SMP with a uniformly heated, activated are 
shown in Figure 2.18. 
- 31 - 
 
 
 
 
Figure 2.18 SMP-based self-folding structures morphed under uniform heating 
[62]. 
 
 
The most promising approach is presented by Felton and others from Harvard 
University [63]. They developed self-folding hinges by using multilayer laminate 
which consist of SMP, paper or plastic sheet, and resistive circuits [63] [60]. They 
used an outer layer of SMP from two sides which are the Prestretched 
polystyrene (PSPS) and commercially known as “shrink-drink”. This 
Prestretched polymer can exhibit 90% compressive in plane strain when heated 
to 160o C. This self-folding technique shows the capability of creating complex 
geometries. They fabricated a printed inchworm robot [63] by using this self-
folding approach, See Figure 2.19. 
Recently, they developed a crawling robot that folds itself by using five layers. 
These layers are two outer PSPS layers, two paper layers and the middle layer 
of the copper-polyimide [4], See Figure 2.20. 
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Figure 2.19 (a) The two-dimensional inchworm robot, before it has folded into its 
functional shape. (b) The folded inchworm, after the servo and battery has 
been added. This robot weighs 29 g, and moves at a rate of 2 mm/s. [63]  
 
 
Figure 2.20 A self-folding crawler robot built with the shape-memory composite 
[4]. 
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Another team from the Massachusetts Institute of Technology (MIT) has success 
to build a miniature origami robot that self-folds walks, swims and degrades [64]. 
They fabricate a sheet that can self-fold into a centimetre-sized 3D Robot and 
actuate immediately for walking, swimming and subsequently dissolve in liquid, 
See Figure 2.21. 
An external magnetic field is used to control the robot. It is exerted by embedded 
coils underneath the robot, See Figure 2.22. The control system is a huge table 
that consists of four-square electromagnetic coils. The magnetic flux induced 
from these electromagnetic coils can be changed depending on the current used 
to power these coils. the motion of the robot depends on the difference in the 
magnetic flux that induced from the four electromagnetic coils. The issue of this 
type of robot is the size of the control system that is used for moving and self-
folding [65].     
 
 
 
 
Figure 2.21 The designed mobile robot and the actuation methods. (a)The 
outlook. (b) The creases pattern. (c) Walking mode by torque-based control. 
(d) Swimming mode by force-based control.[64] 
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Figure 2.22 The developed electromagnetic coil system. [64] 
 
2.5 Conclusion 
In this chapter, many types of robots were demonstrated, which are using in 
exploration and search and rescue missions, to investigate their specifications 
and performances. Moreover, the research about folding structures is discussed 
as a proposed design for robots that can be used in an exploration and search 
and rescue tasks. From all these research, the following points are concluded: 
1. The traditionally tracked rescue robots have many issues which are 
related to the size and weight. Therefore, they cannot be used in a rescue 
tasks that have limited access. These robots sometimes stuck between 
rubble during the operation. 
2. The modular robots can operate a rescue task because they can pass 
over the obstacles by reconfiguration their shape and changing the type 
of locomotion. However, the process of reconfiguration consumes a lot of 
power and time and sometimes it is required a plenty space. Furthermore, 
the connection ports can fail in some modular robots. 
3. The snake robots have an appropriate dexterity to insert through the 
collapsed rubble. They have many design types with different locomotion 
systems, but many of these designs have a complex control system to 
simulate the snake locomotion.  
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4. The legged robots can be programming to change their gait for different 
terrain in advance, but they still have a big size and heavy weight. 
Therefore, they are not suitable to use in limited access task. 
5. The minimally invasive technique should be used when the rescue robot 
is designed because always there are concerns of secondary collapses. 
This technique used in surgery but the surgery system consists of huge 
robot arms outside patient’s body that provide the high degree of freedom 
to the end effector instruments. 
6. Until now, there is no folding exploration or rescue robot except the robot 
that is fabricated by Lee [42] [43]. This robot is not completely folding 
structure, but it is used deformable origami wheels. 
7. The folding robots are easy to fabricate using many fabrication methods 
such as print and manually fold, laser cutting, and a 3D printer. All these 
methods are inexpensive. 
8. The self-folding robots give the opportunity to manufacture many types of 
robots as a plane sheet. This sheet can fold itself during the task 
operation. 
9. The locomotion of folding robots is still dependent on the motors as 
actuators and the locomotion systems, which depend on SMA actuators, 
are very slow. 
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Chapter 3 ORIGAMI STRUCTURES FOR LOCOMOTION AND 
MANIPULATION  
 
 
3.1 Introduction  
The first step to designing the folding robot is studying the geometry and 
behaviour of origami structures. The structure, which provides the ability of self-
folding behaviour or locomotion behaviour under folding and unfolding process, 
could be used as a part of a self-folding robot structure. This point leads to study 
the types of folding structure and their mathematical descriptions. 
Therefore, the origami structure is described and explained in this chapter. 
Moreover, some types of origami structures are analysed, and the ability to use 
them in mechanical engineering is discussed. In addition, the geometric 
parameters and mathematical models are defined for these origami structures. 
The chapter also contains some practical examples of origami structures. The 
differences between these origami structures are explained in this chapter. The 
self-folding ability is described with the ability of locomotion. Furthermore, a novel 
type of origami structure for manipulation is illustrated. Finally, there are 
conclusions. 
3.2 Origami Structure 
All folding structures are inspired by origami which is the art of paper folding. The 
essential difference to origami is that the folding structure could be made from 
any material, while the paper is the major material for origami structure. However, 
all the structural design of any folding structure is obtained by using the principles 
of origami pattern design. 
There are some basic origami concepts that should be defined for the clear 
understanding of origami structures. The creases are the locations of localized 
folds on the sheet. Every crease can be folded either convex (mountain) or 
concave (valley). The final shape of the structure is determined from the creases, 
folding sequence, folding directions, and folding magnitude. The vertices are the 
endpoints of the crease lines. The faces are the closed areas that are bounded 
by the creases. All the creases with its mountain and valley assignments make 
up the crease pattern. These concepts are shown in Figure 3.1.   
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Figure 3.1 Crease pattern illustrating various origami concepts. 
 
The most important parameters that describe the magnitude of a fold are the 
folding angle and the radius of curvature at the fold line. It is clear that the folds 
cannot be sharp for the finite thickness sheet. Therefore, it is assumed that the 
fold has a radius of curvature R. the angle at the intersection of two lines 
stretching collinearly with respect to the folding faces is known as internal fold 
angle αi. The other angle which is defined as 180 o – α i is called the external fold 
angle α e. See Figure 3.2.  
 
Figure 3.2 Parameters that define the magnitude of a fold. 
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Every origami crease pattern can be described using mathematical descriptions 
related to that pattern. Therefore, many equations describe the many origami 
shapes. All these equations depend on a set of rules in paper folding that define 
linear folds using points and lines. These rules were set up by Huzita-Justin [66] 
and they are known as Huzita’s seven axioms. At these axioms, the line 
represents a crease in a piece of paper or the boundary of the paper, and a point 
is an intersection of two lines.  
The axioms State that [67] [68]: “(a) given two points p1 and p2, we can fold a 
line connecting them. (b) given two points p1 and p2, we can fold p1 onto p2. (c) 
given two lines L1 and L2, we can fold L1 onto L2. (d) given a point p1 and a line 
L1, we can make a fold perpendicular to L1 passing through the point p1. (e) 
given two points p1 and p2 and a line L1, we can make a fold that places p1 onto 
L1 and passes through the point p2. (f) given two points p1 and p2 and two lines 
L1 and L2, we can make a fold that places p1 onto L1 and places p2 onto L2. (g) 
given a point p1 and two lines L1 and L2, we can make a fold perpendicular to 
L2 that places p1 onto L1. “. These operations provide the basis of mathematical 
origami. Many types of origami pattern are built for different purposes by using 
these operations and the concepts of crease patterns. 
There are many traditional origami patterns, and every year the designers can 
invent new origami shapes. However, all these shapes can be divided into a lot 
of categories. In this research, not all these categories could be discussed but 
just could choose the types that useful for the research project. 
Origami could be divided into many categories starting from the “everyday 
origami”; for example, wrapping presents, folding letters...etc.; passing through 
the “craft origami” and ending with the “origami puzzles”. All these types of 
origami consist of making shapes from a paper by folding or cutting it. This 
research is interesting in the origami type that could fabricate shapes with unique 
mechanical properties. This type is called “Abstract origami” which is the folding 
of geometric and decorative forms. These forms are either created using one 
sheet (Tessellation) or created from many sheets (Modular). 
In the next section, the modular origami and Tessellation origami are explained 
with examples.   
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3.3 Tessellation Origami  
The Tessellation origami is a type of origami shape which is produced from a 
single sheet by using a twist or reverse folding technique. This type has high 
flexibility and is reconfigurable after folding. These two properties are significant 
to the functionality of origami robots. Furthermore, the crease patterns of this 
type consist of a similar element that is repeated many times to form structures 
on any scale. This property makes it easy to define an actuation procedure for 
one element and repeat it for all other elements.  
The examples of Tessellation origami are  
(a) Miura-pattern.  
(b) Origami magic ball (Waterbomb).  
The major feature which provide by these designs is they can contract and 
expand in all directions. 
  
3.3.1 Miura Origami 
The Miura origami is a periodic structure which contains many identical rigid 
parallelogram faces that create the geometry of the sheet that folds into a final 
shape. The parallelogram faces are linked together by edges that represent the 
crease lines in a crease pattern. These edges are folded into mountain and valley 
creases to produce the final shape of the Miura origami. Figure 3.3 shows the 
crease pattern of the Miura origami and its final shape after folding.  
Miura origami structure can be divided into many unit cells. Every unit cell has 
four identical parallelograms which have equal long sides of length bm, short 
sides of length am, and an acute angle θm (which should be between 0o to 90o), 
see Figure 3.4. These parameters are constant and cannot be changed during 
the folding and unfolding process. The variable parameters that are changed 
during the folding process are the length (Xfm), the width (Yfm) and the hight (hm) 
of the Miura unit cell. The other parameter that is changed during the folding 
process is the projection angle between two ridges (βm). This angle is required 
to characterize the folding and unfolding process of the Miura unit cell, and it is 
an essential parameter that is required to calculate the other parameters for the 
Miura unit cell. The value of this angle changes from (βm=2Xθm) for the planar 
state to (βm=0) for the completely folding state. 
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Figure 3.3 (a)The creases pattern of the Miura origami (b) Its final shape after 
folding (c) The bend ability of the Miura origami. 
 
 
 
Figure 3.4 Unit cell of Miura origami. 
 
 
(a) 
(c) (b) 
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All variable parameters of the Miura unit cell are calculated depending on the 
constant parameters and the βm angle as follows:   
 
𝒙𝒇𝒎 = 𝟐𝒃𝒎 𝐬𝐢𝐧(𝜷𝒎/𝟐)                          3-1 
 
𝒚𝒇𝒎 = 𝟐𝒂𝒎
𝐜𝐨𝐬 𝜽𝒎
𝐜𝐨𝐬(𝜷𝒎/𝟐)
                        3-2 
 
𝒉𝒎 =
𝒂𝒎√𝐬𝐢𝐧𝟐 𝜽𝒎−𝐬𝐢𝐧𝟐(𝜷𝒎/𝟐)
𝐜𝐨𝐬(𝜷𝒎/𝟐)
                  3-3 
 
The folding of parallelogram faces around the creases line form dihedral angles. 
These dihedral angles are required to characterize the folding process of the 
origami pattern. The Miura origami has two dihedral angles γm and αm, see Figure 
3.4. Each these angles equal 180o for planar state and 0o for completely folding 
state. They are calculated using the following equations [69]:  
 
𝜶𝒎 = 𝐜𝐨𝐬
−𝟏 [𝟏 − 𝟐
𝐬𝐢𝐧𝟐(
𝜷𝒎
𝟐⁄ )
𝐬𝐢𝐧𝟐 𝜽𝒎
]                            3-4 
 
𝜸𝒎 = 𝐜𝐨𝐬
−𝟏 [𝟏 − 𝟐 𝐜𝐨𝐭𝟐 𝜽𝒎 𝐭𝐚𝐧
𝟐 (
𝜷𝒎
𝟐⁄ )]         3-5 
 
Every unit cell of the origami structure has one or more angles. All other 
parameters of the origami unit cell depend on this angle during the folding 
process. This angle is called the effective angle. The effective angle could be a 
projection or a dihedral angle. The characteristics of the effective angle are: it is 
the first folding in the folding sequence; all the parameters that characterize the 
origami unit cell depend mathematically on this angle; and when it is a dihedral 
angle, it should not have inverse folding of the edges. 
From the above characteristics of the effective angle, the angle γm can be chosen 
to be the effective angle of the unit cell of the Miura origami structure. All the 
parameters of the unit cell such as length, width, and height are calculated using 
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equations 3-1, 3-2 and 3-3 and by assuming the value of γm to be between 180o 
(unfolding situation) to 0o (complete folding situation) to calculate the value of βm 
from the equation below: 
 
𝜷𝒎 = 𝟐 [𝐭𝐚𝐧
−𝟏 (√
𝟏−𝐜𝐨𝐬 𝜸𝒎
𝟐 𝐜𝐨𝐭𝟐 𝜽𝒎
)]                3-6 
 
Figure 3.5 shows the values of length (Xfm), width (Yfm) and hight (hm) when the 
value of effective angle γm changes from 180o to 0o for the unit cell which has the 
dimensions am =15 mm, bm =21.21mm and θm =45o.  
   
 
Figure 3.5 The length, width and height of unit cell of Miura origami when the 
value of effective angle γm changes from 180o to 0o. 
 
 
To describe the whole structure of Miura origami, the numbers of vertices in x 
and y directions are taken into account. Imagine that the structure of the Miura 
origami is put in an imaginary box, see Figure 3.6. The dimensions of the whole 
Miura is then given by: 
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𝑳𝒎 = (𝒏𝟏 − 𝟏)𝒃𝒎 𝐬𝐢𝐧 (
𝜷𝒎
𝟐⁄ )                                        3-7 
  
𝑾𝒎 = (𝒏𝟐 − 𝟏)𝒂𝒎
𝐜𝐨𝐬 𝜽𝒎
𝐜𝐨𝐬(
𝜷𝒎
𝟐⁄ )
+ 𝒃𝒎 𝐜𝐨𝐬 (
𝜷𝒎
𝟐⁄ )               3-8 
 
𝑯𝒎 =
𝒂𝒎√𝐬𝐢𝐧𝟐 𝜽𝒎−𝐬𝐢𝐧𝟐(
𝜷𝒎
𝟐⁄ )
𝐜𝐨𝐬(
𝜷𝒎
𝟐⁄ )
                                                      3-9 
 
Where n1 is the number of vertices in the x-direction and n2 is the number of 
vertices in the y-direction. The overall volume of Miura origami in folded state is 
given by 
𝑽𝒎 = 𝑳𝒎 × 𝑯𝒎 × 𝑾𝒎                                                          3-10 
 
 
Figure 3.6 Miura origami in its folded state with n1 vertices in x direction and n2 
vertices in y direction. 
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The important behaviour of this structure is that the Miura origami can be 
contracted in x and y directions at the same time. This leads to a common belief 
that the Poisson’s ratio of Miura origami can be a negative value due to intuitive 
observation and as testified by some theoretical studies using the unit cell [70]. 
Recently, there is a new study using the size of a whole Miura origami instead of 
using the unit cell [69]. This study finds that the Poisson’s ratio of Miura origami 
could be negative or positive depending on the combined parameter  
(𝑛2 − 1)𝜂 cos 𝜃𝑚 where 𝜂 =
𝑎𝑚
𝑏𝑚
⁄   
 
In conclusion, the Miura origami has an ability to contract and extend in both 
directions with negative and positive Poisson’s ratio that depends on its constant 
parameters. 
 
 
3.3.2 Origami Ball  
The Origami Ball is a periodic structure which contains many rigid triangles faces 
that create the geometry of the origami ball sheet. The triangle faces are linked 
together by edges that represent the crease lines in the crease pattern. These 
edges are folded into mountain and valley creases to produce the final shape of 
the origami ball. Figure 3.7 shows the crease pattern of the origami ball and its 
final shape after folding.  
The origami ball structure can be divided into many unit cells. Every unit cell has 
six isosceles triangles which are connected at their heads to create a square 
shape. This square unit cell folded into two mountain creases and four valley 
creases to create one folded element of the origami ball. Figure 3.8 shows one 
element of the origami ball before and after folding. 
The unit cell of origami ball has a square shape with the length ab. Therefore, the 
constant parameter is just the length ab and all other parameters are variables. 
The variable parameters are, the side folding distances xfr , xfl , the width folding 
distances yfr , yfl , and the height hb. all these parameters depends on the two 
dihedral angles γbr , γbl , and the projection angle αb . the variable parameters 
are determined as follows: 
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(a) (b) 
  
(c) (d) 
Figure 3.7 The crease pattern of the Origami Ball (Waterbomb) and its final 
shape after folding. (a) Crease pattern (b) Origami ball in a wheel shape (c) 
Origami ball in a cylindrical shape (d) Origami ball in a spherical shape. 
 
Figure 3.8 Unit cell of Origami Ball. Colors represents crease as mountain 
(red) or valley (blue).  
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𝒙𝒇𝒓 =
𝒂𝒃
𝟐
𝐜𝐨𝐬 (
𝜸𝒃𝒓
𝟐
) 𝐜𝐨𝐬 (
𝜶𝒃
𝟐
)                              3-11 
𝒙𝒇𝒍 =
𝒂𝒃
𝟐
𝐜𝐨𝐬 (
𝜸𝒃𝒍
𝟐
) 𝐜𝐨𝐬 (
𝜶𝒃
𝟐
)                               3-12 
𝒚𝒇𝒓 = 𝒂𝒃 𝐬𝐢𝐧 (
𝜸𝒃𝒓
𝟐
)                                            3-13 
𝒚𝒇𝒍 = 𝒂𝒃 𝐬𝐢𝐧 (
𝜸𝒃𝒍
𝟐
)                                             3-14 
𝒉𝒃 =
𝒂𝒃
𝟐
𝐜𝐨𝐬 (
𝜶𝒃
𝟐
)                                               3-15 
The relationship between the projection angle and dihedral angles are as 
follows: 
𝐬𝐞𝐜 (
𝜶𝒃
𝟐
) − 𝐭𝐚𝐧 (
𝜶𝒃
𝟐
) =
𝟏
𝟐
(𝐜𝐨𝐬 (
𝜸𝒃𝒓
𝟐
) + 𝐜𝐨𝐬 (
𝜸𝒃𝒍
𝟐
))        3-16 
At special case (when γbr=γbl ): 
𝐜𝐨𝐬 (
𝜸𝒃
𝟐
) = 𝐬𝐞𝐜 (
𝜶𝒃
𝟐
) − 𝐭𝐚𝐧 (
𝜶𝒃
𝟐
)                                 3-17 
From equation ( 3-17) it is clear that the effective angle(when γbr=γbl ) is αb. But 
in the general situation, the effective angles are γbr  and γbl. As it is seen in Figure 
3.7, the overall volume of the origami ball structure could be a cylindrical or 
spherical shape. When the origami ball folded to form a cylindrical shape, the 
radius of this cylinder is equal to ab/2. And when it is extended to form a spherical 
shape the radius can be calculated using the equation: 
 
𝑹𝒃 =
𝒎 𝒚𝒇
𝟐𝝅
                                                                  3-18 
Where m is the number of unit cells at the circumference of origami ball. yf is 
calculated at the middle of the origami ball where yfr =yfl in that place. 
The essential unique property of the origami ball is the transformation from the 
cylindrical to the spherical shape during the folding process. This unique property 
can be used in many robot applications such as morphing robots and worm-like 
robots. 
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3.4 Modular Origami: Twisted Tower 
A Twisted tower is made of identical origami segments which are linked in an 
octagonal way and stacked to from a tower. Every octagon pattern is made up 
of 16 individual origami sections which have been folded jointly. Any number of 
layers can be added to a form a tower with a desired value and stroke. 
Kinematics of the twisted tower offers amazing properties, such as a high axial 
stiffness and low bending stiffness due to the fact that the paper bends simply 
but barely stretches. Therefore, the structure develops, rigid body like, motions 
which allow us to utilize conventional rigid body kinematics with the addition of 
physical constraints due to paper structure limitations and thickness. One more 
interesting property of the twisted tower is that the diameter of the framework 
doesn't change while contracted or extended [71]. See Figure 3.9. 
To understand the differences between the twisted tower and tessellation 
origami structures see Table 3.1. The table has information about the structure, 
behaviour, and effective angle for all previous origami structures. 
Table 3.1 Specifications of origami structures. 
Structure  No. of Sheets motion 
No. of 
Effective 
angles 
Overall shape 
Miura origami one 
contraction 
and 
extension in 
both x and y 
directions 
One  
Cuboid 
(variable 
length, width, 
and height) 
Origami Ball one morphing One or Two 
Cylindrical 
and Spherical 
(variable 
radius) 
Twisted tower 
Segment of 
16 pieces 
Twisting none 
Cylindrical 
(variable 
height) 
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(a) (b) (c) (d) 
Figure 3.9 The final shape of Twisted Tower Modular Origami (a) two sections 
when extended (b) two sections when contracted (c) assembled tower 
when extended, and (d) assembled tower  when fully contracted. 
 
 
3.5 Mechanical Uses of Origami 
Origami structures have many properties that are considered to make many 
benefits to the mechanical engineering field. The ability to construct a 3D 
structure from the 2D sheet can make huge progress in the manufacturing field. 
Furthermore, the folding-unfolding process predicts many types of motions that 
are useful for mechanical engineering applications. There are many examples of 
using origami in mechanical engineering such as; some types of solar panels, 
some folding parts in cars body and to reinforce some sandwich panels. 
Recently, Sunshields for space photogrammetry is built using origami [72]. 
The use of origami structure in the robotic field is still in the beginning, and it 
needs more study to develop. The more important aspects that are required in 
origami structure to use as a robot are the fabrication by folding (self-folding 
structure), locomotion with fold/unfolding process, and structures that have a 
great ability for manipulation. By studying these aspects of origami structures, 
many types of robots can be created and fabricated. In the next sections, there 
are more details about that.            
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3.6 Structures for Self-Folding 
When origami is used to build a self-folding structure, it is required to identify the 
specifications of the folding structure and the ability of the origami model to be a 
self-folding structure. The specifications of the folding structure depend on the 
function of this structure. The function could be exploration; search and rescue 
or a minimally invasive task. When choosing an origami structure that could 
operate these types of tasks, it is required to study the crease pattern of this 
origami structure. The most important point for the self-folding crease pattern is 
that it should be a continuous sheet pattern. This means that it does not have 
any requirement to stick two pieces together. This property can be found in a 
Tessellation origami structure such as the Miura origami or the origami ball 
(waterbomb). Therefore; it is impossible to use a twisted tower as a self-folding 
structure. 
The sequence of the folding process should be considered when designing the 
self-folding origami structure. The structure that is required to fold all its creases 
at the same time during the folding process is more stable to be selected as a 
self-folding structure. The origami structure, where the sequence procedure 
during the folding process requires a more complicated actuation system 
compared with the simple origami structure where the creases are folded at the 
same time. Furthermore, the number of effective angles in the unit cell of the 
origami structure affects the number of actuators that will be used to activate the 
self-folding origami structure.                         
The last property of an origami structure that affects its self-folding ability is the 
effect of the unit cell on another unit cell. This effect consists of the weight and 
the forces induced from the folding process. Moreover, the force and behaviour, 
that is calculated for the unit cell cannot be the same for the whole structure. The 
behaviour of the whole self-folding structure might be calculated after 
investigation of all unit cell types that have been used to build the structure. 
Furthermore, the accurate approach to find the behaviour of self-folding origami 
structure is by performing empirical test of the whole structure. 
From the previous discussion, the whole self-folding structure depends on the 
type of crease pattern of a continuous sheet: the sequence of folding; the number 
of effective angles and the forces induced during the folding process. These 
conditions make the choice of the self-folding structure more complicated to 
reach a simple fabrication structure. It is clear that the Tessellation origami such 
as the Miura and the origami ball (Waterbomb) are more suitable to be 
considered as a self-folding structure. Therefore, to test the self -folding, it should 
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be started from a simple structure, which is a box and then try another origami 
structure that is more complicated. 
 
3.7 Origami Structure for Locomotion  
Some of the origami structures can create locomotion activity by using a folding 
and unfolding process. The origami structures that can produce motion during 
the folding- unfolding process are the twisting tower and the origami ball. All 
motion processes are produced in the crease lines (the hinge). A simplified 
origami locomotion can be represented by the movement of a simple strip. The 
strip consists of some elements with simple one DOF hinges between them. The 
Figure 3.10 shows a simple strip with ten elements and nine revolute joints 
between the elements. This strip is modelled using V-Rep software program. 
 
 
Figure 3.10 The V-Rep model of simple strip with ten elements and nine 
revolute joints between the elements. 
 
The V-rep software program was used to study the ability of worm-like 
locomotion with a simple strip. This strip represents a simple origami structure 
that has nine creases. This following study clarify the locomotion that is produced 
from the folding and unfolding process. Four wave styles are examined on the 
V-rep strip model. An active revolute joint was put in every crease and then a 
code, that has the activation angles and their sequences, was written. The first 
wave style is a constant angle activation with angles (+90o,-90o) at all joints, see 
Figure 3.11. The second style is a wave that starts from (+90o,-90o) goes to 
(+30o,-30o) and repeats the sequence, see Figure 3.12. The third style is similar 
to the second one but has a 0o activation angle and inverse the wave sequence, 
see Figure 3.13. The last one is starting from +30o  for three joints reach to 0o 
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angles for one joint and -30o for another three joints, then repeats the sequence, 
see Figure 3.14. 
 
 
  
Figure 3.11 The first wave style and the shape of V-rep model simulation. 
 
 
  
Figure 3.12 The second wave style and the shape of V-rep model simulation. 
 
 
 
 
Figure 3.13 The third wave style and the shape of V-rep model simulation. 
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Figure 3.14 The fourth wave style and the shape of V-rep model simulation. 
 
The simulation program V-rep shows that the best sequence is the fourth. It is 
the best one that has stable worm-like locomotion when it was examined. Table 
3.2 indicates the steps of joints activation and the values of the angles during 
these steps. This sequence can be applied to more complicated origami 
structures to provide worm-like locomotion for these structures. 
 
Table 3.2 The sequence steps of joints activation angles of the fourth wave 
style. 
joints Joint1 Joint2 Joint3 Joint4 Joint5 Joint6 Joint7 Joint8 Joint9 
A
c
ti
v
a
ti
o
n
 a
n
g
le
s
 
Step1 30o 30o 0o -30o -30o -30o 0o 30o 30o 
Step2 30o 30o 30o 0o -30o -30o -30o 0o 30o 
Step3 0o 30o 30o 30o 0o -30o -30o -30o 0o 
Step4 -30o 0o 30o 30o 30o 0o -30o -30o -30o 
Step5 -30o -30o 0o 30o 30o 30o 0o -30o -30o 
Step6 -30o -30o -30o 0o 30o 30o 30o 0o -30o 
Step7 0o -30o -30o -30o 0o 30o 30o 30o 0o 
Step8 30o 0o -30o -30o -30o 0o 30o 30o 30o 
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3.8 Modular Origami Structure for Manipulation  
The most important benefit of the study and investigation of different traditional 
origami structures is to understand the characteristics of their unit cells and use 
the useful types to build a new structure that has the desired behaviour. A novel 
kind of origami arm can be obtained from the unique characteristics of the unit 
cell of the origami ball. The ability to bend that is provided by the unit cell of 
origami ball in two directions makes this type of unit cell suitable to build a 
manipulation arm or snake link structure. Four or more unit cells of the origami 
ball connected in series can provide a bending motion in three directions 
depending on the value of angles γbr , γbl and αb, see Figure 3.8. A V-rep model 
that has four unit cells of origami ball is used to evaluate the ability to create 
bending in two directions, see Figure 3.15. 
 
 
 
Figure 3.15 The V-rep model with four-unit cells of origami ball in series and its 
ability to create bending in two directions (a) Flat structure (b) Convex bend 
(c) Concave bend. 
 
(a) 
(b) 
(c) 
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Four-unit cells of origami ball are stacked into a column. This column used as a 
side of four sides structure which is connected with the top and bottom square 
pieces of card paper. This structure can bend to four directions because of the 
flexibility of card paper and the behaviour of the unit cell of an origami ball. See 
Figure 3.16. 
 
 
  
Figure 3.16 The Origami Structure for Manipulation (OSM). (a) The original 
shape after folding. (b) OSM with a left bend. (c) OSM with a right bend.  
 
 
 
 
(a) 
(b) (c) 
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Every unit cell in this origami structure for manipulation (OSM) has the same 
property of the origami ball (Waterbomb) unit cell. The same equations that are 
used to calculate the parameters (length, width, and height) of the unit cell of 
origami ball, can be used to calculate the same parameters of this structure. 
When the two angles γ1 and γ2 are known, the length yf1 and yf2  calculated as: 
 
𝒚𝒇𝟏 = 𝒂𝒃 𝐬𝐢𝐧 (
𝜸𝟏
𝟐
)                                                3-19 
 
𝒚𝒇𝟐 = 𝒂𝒃 𝐬𝐢𝐧 (
𝜸𝟐
𝟐
)                                               3-20 
 
These equations are required to describe the bending motion and the position of 
the end tip of the OSM structure. The position that is reached after bending 
motion can be calculated using the radius of curvature and the angle of the arc 
that is created from the bending motion. The radius of curvature and the angle 
are determined after yf1 and yf2 are calculated, see Figure 3.17. When calculating 
the radius of curvature and angle for one-unit cell, these equations are used: 
 
𝑹𝒐 =
𝒂𝒃  𝒚𝒇𝟏
(𝒚𝒇𝟐−𝒚𝒇𝟏)
                                                          3-21 
 
𝝋𝒐𝒊 =
𝒚𝒇𝟏
𝑹𝒐
                                                                    3-22 
 
The equation for calculating the overall angle is as follows: 
 
𝝋𝒐 =
𝒏   𝒚𝒇𝟏
𝑹𝒐
                                                3-23 
 
Where n is the number of unit cells in one side of the OSM structure. 
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Figure 3.17 The Radius of curvature Ro and the angle φo of the arc that is 
created from the bending motion of OSM. 
 
 
The kinematics of the OSM structure provides interesting properties, such as the 
high ability of contractions and low bending stiffness. These properties make the 
OSM structure to be the potential solution for the structures that are used in arm 
manipulation robots and snake robots. 
 
 
 
 
 
 
Ro 
φoi 
φo 
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3.9 Conclusions 
In this chapter, the origami context is clarified. The basic structures that origami 
employs to create different shapes after folding are described. Three origami 
structures (Miura, ball and twisted tower) are investigated. The equations to 
compute the geometry of Miura origami and ball origami are established. The 
Miura origami structure provides excellent property, which is the ability of 
contraction and extraction in two directions. And the origami ball provides the 
ability to morph the shape from cylinder to sphere. These properties made these 
origami structures suitable to use in the mechanical engineering field. 
Furthermore, the features of these two origami structures made them suitable to 
use for the self-folding structure. The unit cell of Origami ball was used as an 
element to construct a new type of origami structure. This novel OSM origami 
structure has great manipulation ability. It provides bend motion in four directions 
and contraction motion. 
A clear study in design the hinges and choosing the material that could fabricate 
these types of flexure hinges are required to fabricate the self-folding structure 
and the origami structure for manipulation.   
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Chapter 4 HINGE DESIGN 
 
 
 
 
 
4.1 Introduction  
In the previous chapter, the principles of the origami structure were explored and 
it was shown that the origami structure consists of two essential parts: the faces 
and the creases lines. These two parts constitute the crease pattern. Therefore, 
the mechanical behaviour of the crease lines should be analysed when designing 
an origami structure. 
The deformation of origami structures occurs on the creases lines as these are 
subjected to the bending moment during the folding process when the origami 
structure is created from a sheet. These crease lines act as hinges between the 
fixed faces. The first step to design the hinges is analysed the hinge behaviour 
to calculate all the parameters that affect it during the folding process. The 
mechanical behaviour of these hinges is calculated using the principle of beams. 
The essential parameter that results from the study of hinge behaviour is the 
maximum strain on the hinge. This maximum strain value depends on the 
dimensions of the hinge and the angle of fold. 
The second step to design the hinge is to choose an appropriate material that 
provides the flexibility required for the folding process. This material should be 
soft and have a suitable fatigue limit to prevent failure during the cyclic folding 
and unfolding process. Therefore, three experimental tests were conducted for 
this material to calculate its mechanical properties. In addition, the amount of 
force that is required to fold the hinge was calculated. The amount of force 
required to fold the hinge provides an indication of the specification of actuators 
that could be used to provide this force. 
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In this chapter, the behaviour of the hinge is analysed and the parameters that 
affect the folding structures during the folding process are calculated. A 3D 
printed soft material is tested for use as a hinge material and the results are 
discussed. In addition, the hinge in folding structures fabricated by laser cutting 
is described. Finally, the properties of the Kapton film material, which is used as 
a hinge in the folding structures fabrication, are compared with the other 
approaches.  
  
 
4.2 Types of Hinges  
The origami folding structure creates a hinge at a crease line from the same 
material that constitutes the sheet material. Therefore, this research focuses on 
a flexure hinge that is made from flexible material. A flexure hinge is a 
mechanical element that connects two rigid members and provides the relative 
rotation between them through bending (flexing) instead of a traditional rotational 
joint [73].  
The different methods of contact between the flexure hinge and the two rigid 
bodies creates different types of hinges. As is seen in Figure 4.1, four types of 
hinges are created by different ways of connecting the flexible material with the 
rigid material. The different positions of the flexible material ( which is in orange 
color ) make different types of hinges. In the first type, the  flexible material and 
solid material have the same thickness and the flexible material has two 
connection surfaces. In the second type, the flexible material forms a pad for the 
two sides of the solid material. In this type, the connection surfaces are bigger 
than the connection surfaces in the first type. The third and fourth types are like 
a sandwich, but one with the flexible material in the middle, while the other 
sandwiches the solid material in the middle.   
 
 
 
 
 
- 60 - 
 
 
 
 
 
  
Figure 4.1 Types of hinges created from connecting the flexible material with 
the rigid material (a) flexible material same thickness as solid material (b) 
solid material attached flexible material (c) flexible material sandwiched 
between solid materials (d) solid material sandwiched between flexible 
materials. 
 
The bending beam theory can be used in the analysis of the behavior of these 
types of hinges by assuming the flexible material to be a beam. This bending 
beam theory can solve for the moment and shear as: 
 
 
𝑴 = 𝑬𝑰
𝒅𝟐𝒗
𝒅𝒙𝟐
                                                              4-1 
𝑽 = 𝑬𝑰 
𝒅𝟑𝒗
𝒅𝒙𝟑
                                                              4-2 
 
Where M is the bending moment; V is the transverse shearing force; ν is the 
transverse deflection of the centroid axis of the beam; EI is the flexural rigidity; 
and x is the longitudinal coordinate measured from the left end side of the beam. 
In the next section, hinges are analysed with a simplified moment and shear 
equations.  
  
(a) (b) 
(c) (d) 
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4.3 Hinge analysis 
It is important that the hinge does not fail during use. It could fail by the effect of 
fatigue or overloaded stress. These two parameters depend on the amount of 
strain. The hinge is assumed to behave as a beam when calculating the strain. 
From the principle of beams [74], the strain equation is: 
 
𝜺𝒙 = ±
𝒚
𝑹
                                                                        4-3   
 
Where R is the radius of curvature, and y is the distance from the neutral axis to 
any point inside the beam thickness. The plus and minus signs refer to the 
tension and compression strain. See Figure 4.2 that shows the relationship 
between the radius of curvature and strain for different thickness. The stress is 
calculated from the axial stress equation:  
    
𝝈𝒙 = −
𝑴𝒚
𝑰
                                                                     4-4              
 
Where M is the bending moment at the location of interest along the beam’s 
length. I is the centroidal moment of inertia of the beam's cross section, and y is 
the distance from the beam's neutral axis to the point of interest along the height 
of the cross section. The negative sign indicates that a positive moment will result 
in a compressive stress above the neutral axis. 
These equations calculate the strain and stress in a single crease when 
considered as a simple hinge (or simple beam).  
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When the crease line is analysed for any material, it is assumed to represent a 
hinge which is connected by two sides of solid material. This hinge has two 
effective dimensions which are the width b and the thickness t, see Figure 4.3. 
As described in chapter three, the crease has a radius of curvature R and folding 
angle θi when it is bent. From these parameters, the strain at any point on the 
edge of two folding faces can be calculated as: 
 
𝜺 =
𝜟𝒍
𝒍
=
𝒓𝜽𝒊−𝒃
𝒃
                                                                      4-5         
 
Where r is the variable radius and its value: 𝑅 ≤ 𝑟 ≤ 𝑅 + 𝑡     
 
The maximum fold occurs when the two inner sides of a hinge touch. In this 
special case, the radius is assumed to be equal to the thickness and the 
maximum strain on the outer surface of the hinge, calculated as:  
 
𝜺𝒎𝒂𝒙 =
𝒕×𝝅
𝒃
                                                                              4-6    
Figure 4.2 The relationship between the radius of curvature and strain for 
different beam thickness. 
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It is seen from equation (4-6) that the maximum strain on the crease tip is directly 
proportional to the thickness and inversely proportional to the width. For 
example, if it is a square hinge (i.e. b=t) the maximum strain is π.  
To clarify the relation between the maximum strain and the two hinge parameters 
(b and t), see Table 4.1. In this table, the maximum strain (εmax) decreases when 
the value of width (b) increases. On the other hand, the maximum strain 
increases when the value of thickness increases for the same value of b. From 
this table, it is clear that any design should carefully choose the values of b and 
t to not exceed the maximum strain value of the material. At the same time these 
values should produce hinges that achieve a stable folding structure. 
 
Table 4.1 Relationship between the εmax and hinge parameters (b and t). 
b(mm) 1 2 3 4 5 6 
εmax (t=1mm) 3.142 1.571 1.047 0.785 0.628 0.524 
εmax(t=2mm) 6.283 3.142 2.094 1.571 1.257 1.047 
 
Furthermore, the angle of folding should be taken into account when designing 
the hinge parameters b and t, as this affects the value of strain. The relationship 
Figure 4.3 Simple sketch of a hinge with width b and thickness t. Starting 
from flat shape until it is completely folded. 
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between the angle of folding θi and the strain ε for the hinge with thickness 
(t=1mm) for four width values is shown in Figure 4.4.  
 
 
 
 
4.4 Materials and Mechanical Tests 
To select suitable material for a hinge body, this work has been performed 
experimentally for different materials. The material must fulfil two main 
conditions: Firstly, it should be flexible and have the ability to bend until 
completely folded. Secondly, it should have the mechanical properties that 
prevent it from failure during the folding process. In other words, The material 
should have a suitable tensile stress, shear stress, and fatigue limit. These 
mechanical properties are measured from experimental tests which demonstrate 
the behaviour of the materials. The hinge material requires several mechanical 
tests such as tensile test, bending test and fatigue test.  
The tensile test machine ‘Instron 3369’ was used for two test types: the tensile 
test and the bending test. The Instron 3369 has the capacity of 50 KN with the 
Figure 4.4 The relationship between the angle of folding θi and the strain ε for 
different hinge width (Hinge thickness t=1mm). 
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vertical test space 1193 mm, see Figure 4.5. The maximum tensile speed of 500 
mm/min. Control of the testing system is carried out via Instron Bluehill software. 
The Bluehill software, inputs a set of defined parameters that the system uses to 
run tests. The parameters, which are required before starting the test, are the 
speed of test and the maximum elongation. Bluehill analyses the test data and 
produces calculated results in an excel file. The software has the ability to 
calibrate the position and the load before starting the test. The grippers of 
machine are replaced with three-point bending grippers when operating the 
bending test. 
 
 
 
 
The Instron Electro-Puls E10000 machine was used to test the fatigue limit. It 
has ±10kN dynamic linear load capacity and ±100 Nm dynamic torque capacity. 
The vertical test space is ±60mm. see Figure 4.6. Control of the testing system 
was carried out via the Instron Wave Matrix software. In Wave Matrix software, 
the test inputs a file that contains a set of defined parameters that the system 
uses to run tests. The essential parameters, which are required before starting 
the test, are the frequency or the speed of test, the linear stroke elongation, and 
the maximum number of cycles. The Wave Matrix software produces the 
Figure 4.5 The tensile test machine ‘Instron 3369’. 
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calculated results in an excel file. The software has the ability to calibrate the 
position and the load before starting the test, see Figure 4.6.  
 
 
 
 
  
4.5 3D Printed materials 
As previously discussed, the structure of folding object consists of two essential 
parts: the faces and the creases. The folding action is provided by the crease, 
and the faces maintain their solid shape. For this reason, many researchers 
fabricate the folding structure by using the multilayer approach and laser cutting, 
as described in chapter two. The crease lines are cut in the solid layers leaving 
the soft layer to work as a hinge.  
In this research a 3D printer is used to fabricate a folding structure in two types 
of material. A 3D printer can print two types of different materials at the same 
time for the same structure by building the faces using solid materials, and the 
crease lines by using soft material, which provide a large bending ability. 
Furthermore, these two materials are  combined without using any connections 
Figure 4.6 (a)The Instron Electro-Puls E10000 dynamic machine. (b) The 
interface of Wave Matrix software with the position and load calibration 
options marked in red circles. 
(a) 
(b) 
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between them. These two types of materials are the Vero for solid faces and 
Tango plus FLX930 for the soft crease lines. You can see the type of 3D printed 
materials in Table 4.2. which shows that the rubber like material is the Tango 
family and rigid materials are Vero family, Vero color, and Vero clear [75].  
Table 4.2 Some types of 3D printer materials and their applications [75] 
 
 
 
The soft material at the hinges (crease lines) are subjected to the load directly 
when the structure folds. Three tests were performed using specimens made 
from Tango Plus flx930 material to determine the tensile strength limit, fatigue 
limit and the forces require to fold sheets of different thickness into many folding 
angles. These results provide explicit material property information to support 
the designer's decision making when designing an origami robot using Tango 
Plus material as a hinge. 
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4.5.1 Tensile Test for Tango Plus  
The main reason to perform the tensile test is to calculate the tensile strength 
which represents the limitation of stress for this material. Although, there are 
many standards which show the modulus of elasticity and the tensile strength of 
different materials, not all elastomer materials have tensile strength information 
especially for the materials used in 3D printers. For this reason, it is important to 
operate this test for the Tango Plus flx930 to find its limitations for stress and 
elongation. 
Moreover, it is complicated to calculate the modulus of elasticity for elastomer 
materials analytically, because of many issues such as large deformation 
response, and non-linearity of the stress-strain curve [76]. Therefore, every new 
elastomer material should have a particular tensile test to indicate their 
properties. Although some elastomer properties depend on time due to the 
hysteresis effect, this test can give suitable indication for these properties. 
The tensile test was preformed three times for three different specimens, which 
had the same shape. The exact dimensions of the specimen shape are shown 
in Figure 4.7 which were taken from the machine standard. It is seen that the 
specimen has a cylindrical shape with effective length and area (37.7mm, 39.92 
mm2) respectively. All specimens were printed on an Object-1000 3D printer with 
the Tango Plus flx930 material in “digital material” mode. The final specimen 
shape is shown in Figure 4.8. 
 
 
 
 
 
Figure 4.7 An engineering drawing of the tensile test specimens. All 
measurements given in millimeters. 
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The Instron 3369 tensile machine was used for this test. The tensile test machine 
was calibrated before starting the test. The test velocity was set at 60 mm/min. 
After that, the test was operated which took almost two minutes for every 
specimen. Figure 4.9 shows the tensile test specimen after test. 
The machine gives the results of the load and displacement. All specimens show 
exactly the same behaviour with a few differences in the tensile strength amount. 
The stress-strain curve can be calculated from the data of load-displacement 
which was collected from the tensile test machine. It can be determined by using 
traditional equations of stress and strain which are: 
 
𝝈 =
𝑭
𝑨𝒆
                                                                       4-7         
𝜺 =
∆𝑳
𝑳𝒆
                                                                        4-8         
 
 
Where, Ae and Le are the effective area and length. 
 
Figure 4.8 The tensile test specimen made from Tango Plus flx930. 
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The stress-strain curve is shown in Figure 4.10. This figure shows the stress-
strain curve for the three specimens, and it is clear that the tensile strength of 
the first specimen was equal to 0.68 Mpa and the maximum elongation was 
260%. For all specimens, the tensile strength range is between 0.63-0.68 Mpa 
and the maximum elongation range is between 250-260% . The elongation range 
is close to 170-220% specified in the material data sheet that is given for this 
material. 
 
 
 
Figure 4.9 The tensile test specimens made from Tango Plus flx930 after 
test. 
Figure 4.10 The stress-strain curve for Tango Plus flx930. 
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4.5.2 Bending Test for Tango Plus 
The important useful information, which is required from the material behaviour 
and to support this project, is the amount of force that could fold the sheet made 
from this material. Therefore, a test was preformed to find the amount of force 
which is required to fold different thickness of beam through a range of folding 
angles.  
Flat specimens were used for this test which have a beam shape. The 
dimensions of these specimens were 40mm length and 10mm width in three 
different thicknesses of 3mm, 5mm, and 7mm. In addition, two types of  
specimens were used for the 5mm thickness; the first specimen is completely 
flat, and the second specimen has a notch on both sides in the middle with 1mm 
radius, see Figure 4.11. The different thickness of specimens were used to 
explore the relation between the thickness and the folding force. Furthermore, 
the flat and notched specimens were used to examine the effect of the notch on 
the folding force. All specimens were printed on an Object-1000 3D printer with 
the Tango Plus flx930 material in “digital material” mode.  
 
 
 
The machine used for this test was the Instron 3369 tensile machine with the 
grippers of the three-point bending test. These grippers were used to calculate 
the material resistance to bending. The middle rod of the gripper was changed 
from the 6mm wire to a smaller wire of 1mm diameter, to create a sharp folding 
angle and to enable a smaller radius of curvature in the folding specimen. See 
Figure 4.12.  
The test machine requires the input data of the speed of test and the final 
displacement to stop. For this situation, the speed of test was 60 mm/min and 
the final displacement 20mm. 
Figure 4.11 The bending test specimens made from Tango Plus flx930. 
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The test provides the results of force and displacement which were then used to 
calculate the table of folding angle against the force. When the folding angles 
were calculated, it was found that there was a drop in force after the angles 105o, 
120o, 125o and 135o for the thickness 3mm, 5mm with a notch, 5mm and 7mm 
respectively. This drop in force was due to the slipping of specimens from gripper 
rod sides when reaching these angles. The relationship between the folding 
angles and forces are shown in Figure 4.13 and Figure 4.14 after the slipping 
zone is cancelled. 
Figure 4.13 shows the relationship between the force and angle of folding for 
three specimens with the same thickness of (5mm). These curves show the 
accuracy of the test and it is seen that the variation between the specimens 
results is small.  
It is seen from Figure 4.14 that the force increases when the thickness increases. 
Furthermore, the result for the specimen 3 (5mm thickness with notch) does not 
decrease the force a lot. Although, it has a 3mm thickness between the notches, 
its force does not reach the force of specimen 1 (3mm thickness). 
Pulling rod 
Small wire 
(1mm diameter) 
Flat specimen 
Grippers of 
three-points 
bending test 
Figure 4.12 Grippers of three-points bending. (a) Photo of the three-
point bending gripper. (b) The free-body diagram of the three-
point bending gripper. 
(a) (b) 
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Figure 4.13 The relationship between the force and angle of folding for three 
specimens (5mm) Thickness made from Tango Plus flx930. 
Figure 4.14 The folding angles -forces curves for different thickness 
specimens made from Tango Plus flx930. 
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The relationship between the thickness and the force is drawn as shown in Figure 
4.15. This figure was plotted by taking the amount of force required to bend the 
three thickness (3mm, 5mm and 7mm) with the same folding angle. After that, 
second order of polynomial equation is calculated from these three points. These 
equations describe the relationship between thickness and force. These 
equations can calculate the force for any thickness at a certain folding angle. 
Table 4.3 provides the results of the force for different angles of folding with the 
thickness (t= 1mm).  
 
 
 
Table 4.3 the force for different angles of folding with the thickness (t= 1mm). 
Angle of Folding θi (Degree) 15 30 45 75 90 
F(N) 0.0194 0.035 0.0401 0.051 0.0843 
 
The equation that described the relationship between the force and folding angle 
at t=1mm is calculated from the data of Table 4.3. In this case, the linear equation 
was chosen to describe this relationship which is: 
Figure 4.15 The relationship between the thickness and the force for different 
angles of folding. 
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𝑭 = 𝟎. 𝟎𝟒𝟗𝟒 𝜽𝒊                                                                       4-9  
Where θi is in radian units (t=1 mm). 
This equation has a maximum error of 20% which is acceptable for this case. 
As a result, all equations that describe the relationship between force and folding 
angle for many thicknesses of hinges can be calculated from the data resulting 
from this test. In this research, the hinge which is used in the folding structure 
has the thickness of 0.5-1.5 mm. As was seen before, all data required for folding 
these hinges can be calculated with these values of actual hinge thickness. It 
should be emphasised here that all the forces calculated are for hinge made from 
pure Tango Plus flx930 and the effect of faces on these hinges are neglected. 
 
4.5.3 Fatigue test for Tango Plus 
The fatigue life of a material is a key parameter when the material is used in an 
operation that has a dynamic load. In origami structures, the material in the hinge 
is subjected to repeated loads which are produced by the folding and unfolding 
process. Therefore, the fatigue limit for the Tango Plus FLX930 should be 
calculated by using a fatigue test. The fatigue test was preformed for three 
specimens with three different elongation magnitudes (30%, 60% and 100%) the 
exact dimensions of the specimen shape is seen in Figure 4.16. The specimens 
were designed according to the ASTM standard ASTM D4482-11, 2011. The 
final specimen shape that was printed on an object-1000 3D printer is seen in 
Figure 4.17. 
The Instron Electro-Puls E10000 machine was used for this test. The fatigue test 
machine was calibrated before starting the test. The test was operated three 
times for three specimens with 100% elongation, three times for three specimens 
with 60% elongation, and once for the specimens with 30% elongation (i.e., the 
elongation is the maximum extension input to the machine). The loading and 
relaxation cycle was taken from the ASTM standard. This standard specified a 
testing frequency of 1.7 Hz. Figure 4.18  shows the fatigue test specimens after 
test. 
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Figure 4.16 An engineering drawing of the fatigue test specimens. All 
measurements given in millimeters. 
Figure 4.17 The fatigue test specimen made from Tango Plus. 
flx930. 
Figure 4.18 The fatigue test specimens made from Tango Plus after test. 
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The average results taken from fatigue machine are (6992 cycles, 3640 cycles 
and 1861 cycles) for the strains (0.32, 0.6, and 1) respectively. From these 
results, the equation of fatigue life can be obtained as: 
𝑵 = (
𝜺𝒂
𝜺𝒐
)
𝒌
                                                                                       4-10 
Where N is the fatigue life in a number of cycles, εa is the actual strain and εo & 
k are the constants of the equation. The constants are calculated as (εo=723 and 
k= -1.14). Therefore, the equation of fatigue life for the Tango Plus FLX930 will 
be:  
 
𝑵 = (
𝜺𝒂
𝟕𝟑𝟐
)
−𝟏.𝟏𝟒
                                                                              4-11 
 
Furthermore, the ε-N curve can be obtained from the results which represent the 
strain vs. fatigue life for the Tango Plus FLX930. See Figure 4.19.   
 
 
 
Figure 4.19 ε-N curve for the Tango Plus FLX930. 
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4.6 Kapton and Laser cutting approach  
The use of laser cutting is another possible approach to the fabrication of a 
folding structure. It is also possible to use the same design technique as outlined 
for the 3D printing approach, which is to use two types of materials to form the 
folding structure. The first type of material should be solid to use as faces, while 
the second type of material should be soft or easily bent for use as hinges. For 
this project, acrylic with 1mm thickness was used as face material due to its solid 
nature and ease of use in laser cutting. Kapton film was used as the hinge. 
Kapton is not classified as a soft material but it is easily bent because it is a thin 
film.   
In this approach, the acrylic is cut into the shape of faces of the crease pattern 
by using laser cutting machine. This acrylic sheet is the middle layer. This middle 
layer is covered from two sides using the Kapton material. The gap between two 
faces forms the hinge width which is covered by Kapton film from both sides. 
As described in section 4.5, the hinge part (crease line) is subjected to the load 
directly when the structure folds. It should have a clear view of the mechanical 
properties of the material that represents the hinge part. Therefore, the 
mechanical properties of Kapton film are discussed in the next section. 
 
4.6.1 Mechanical properties of Kapton 
Kapton is a high-quality polyimide film which is produced by DuPont™ [77]. 
There are several types of Kapton polyimide films with the most commonly used 
types being the HN, FN, and MT. These are the characters that represent 
different types of Kapton. Each type of Kapton has an individual fabrication 
approach and chemical components. These types have some differences in 
properties such as electrical and  thermal properties, and also have slightly 
different mechanical properties. 
In this research, the Kapton film HN is used to representing the hinge in the 
folding structure that is fabricated by using laser cutting. This type of Kapton has 
a high balance of properties over a wide range of temperature. It is fabricated as 
a thin film and thin tape with the range of thickness between (25-125µm). 
DuPont™ company provides the datasheet of this type of Kapton with all 
properties and the methods used for testing. All mechanical properties are shown 
in Table 4.4. 
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Table 4.4 Physical Properties of DuPont™ Kapton® HN at 23°C (73°F) 
Property Unit 1 mil 25μm 2 mil 50μm 3 mil 75μm 
5 mil 
125μm 
Test Method 
Ultimate 
Tensile 
Strength 
at 23°C, 
(73°F) 
at 200°C 
(392°F) 
psi (MPa) 
33,500(231) 
20,000(139) 
33,500(231) 
20,000(139) 
33,500(231) 
20,000(139) 
33,500(231) 
20,000(139) 
ASTM D-882-91 
Ultimate 
Elongation 
at 23°C, 
(73°F) 
at 200°C 
(392°F) 
% 
72 
83 
82 
83 
82 
83 
82 
83 
ASTM D-882-91 
Tensile 
Modulus 
at 23°C, 
(73°F) 
at 200°C 
(392°F) 
psi (GPa) 
370,000 
(2.5) 
290,000 
(2.0) 
370,000 
(2.5) 
290,000 
(2.0) 
370,000 (2.5) 
290,000 (2.0) 
370,000 
(2.5) 
290,000 
(2.0) 
ASTM D-882-91 
Density g/cc 1.42 1.42 1.42 1.42 ASTM D-1505-90 
MIT Folding 
Endurance 
cycles 285,000 55,000 6,000 5,000 ASTM D-2176-89 
Tear Strength-
propagating 
(Elmendorf), N 
(lbf) 
 0.07 (0.02) 0.21 (0.02) 0.38 (0.02) 0.58 (0.02) ASTM D-1922-89 
Tear Strength, 
Initial 
(Graves), N 
(lbf) 
 7.2 (1.6) 16.3 (1.6) 26.3 (1.6) 46.9 (1.6) ASTM D-1004-90 
Yield Point at 
3% 
at 23°C, 
(73°F) 
at 200°C 
(392°F) 
MPa (psi) 
69 (10,000) 
41 (6,000) 
69 (10,000) 
41 (6,000) 
69 (10,000) 
41 (6,000) 
69 (10,000) 
41 (6,000) 
ASTM D-882-91 
Poisson’s 
Ratio  0.34 0.34 0.34 0.34 
Avg. three samples, 
elongated at 
5, 7, 10% 
 
 
From Table 4.4 it is seen that the yield point at 23o C is 69 MPa which is 
significantly higher than the Tango Plus tensile strength. However, it has a 
smaller elongation than the Tango Plus elongation. This mean that the Kapton is 
not a soft material compared with the Tango Plus material, but it can be bent 
easily because it is a very thin tape with high tensile strength. 
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In Kapton tape, the force required to bend it, can be neglected because it is a 
very slight amount. The force that has a great effect on the folding structure is 
the weight of faces and the resistance of Kapton material to the pulling force. 
The fatigue limit is not illustrated inTable 4.4. Therefore, a fatigue test is 
performed for Kapton tape which is illustrated in the next section. 
 
4.6.2 Kapton Fatigue Test    
The fatigue limit is a significant parameter that is not listed in the material 
datasheet of Kapton. Although, the Kapton tape has a high flexibility and bends 
with a small amount of strain in hinge tip, the fatigue limit should considered to 
have clear results of the amount of strain that could be hold by a Kapton hinge 
during dynamic fluctuating loading. 
The Kapton fatigue specimen has the same dimensions of the tango plus 
specimen that was illustrated in section 4.5.3. However, it was not possible to 
make the specimen from pure Kapton tape because it is a very thin tape. The 
specimens were made from the acrylic material with double sides of Kapton tape 
in the effective area. The length of the Kapton tape in the fatigue specimen is 
10mm. All results from this test are for the double sides of Kapton tape. See 
Figure 4.20 which shows the actual shape of double sided Kapton fatigue 
specimen. 
 
 
 
 
Figure 4.20 The actual shape of double sides Kapton fatigue specimen. 
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The Instron Electro-Puls E10000 machine was used for this test. The fatigue test 
machine was calibrated before starting the test. The test was operated three 
times for each elongation which are 2mm, 1.5mm, and 1mm. The loading and 
relaxation cycle was taken from the ASTM standard. This standard specified a 
testing frequency of 1.7 Hz. 
The average results taken from the fatigue machine are (19 cycles, 14437 cycles 
and 20000 cycles without failing) for the strains (0.2, 0.15, and 0.1) respectively. 
The ε-N curve can be obtained from these results which represent the strain vs. 
fatigue life for the double Kapton sides. See Figure 4.21. This figure shows that 
the strain fatigue limit for double Kapton tape sides is 0.1. This means that, 
Kapton can be used for dynamic loads that cause strain under 0.1, without 
fatigue failure.    
 
 
 
 
 
 
Figure 4.21 ε-N curve for the double Kapton sides. 
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4.7 Conclusions  
In this chapter, the maximum strain at the crease tip is calculated from the width 
and thickness of the hinge. This value should take into account when designing 
any folding structure. For a successful design, the strain should not be up to the 
maximum strain limit.  
 The model of the folding structure pattern can be printed on the 3D printer using 
the Vero material for surfaces and Tango Plus FLX930 for the hinges. The strain 
and stress are determined in these hinges by assuming them as a beam and 
using equations derived from mechanical principles. However, the mechanical 
properties of the material at that hinge must be calculated. 
Therefore, three tests on Tango plus FLX930 are performed. From these tests, 
the fatigue life limit, tensile strength and the amount of force required to fold 
Tango Plus material with different thickness were obtained. The results show 
that the strain limit of fatigue is 0.226 for high dynamic load, but it can be 
increased to 1.6 for low cyclic load. Furthermore, the Tango plus FLX930 cannot 
fail due to tensile forces under this range of strain. The Kapton mechanical 
properties shows high tensile elongation compared with the Tango Plus material. 
The Kapton fatigue limit is calculated and the results show that the strain limit of 
fatigue is 0.1 for high dynamic load.  
The bending test gives the results for the force required to fold the beam made 
from the Tango plus FLX930 material. The extrapolation method was used to 
calculate the force for any thickness and angles. The actuator must provide these 
amounts of force. Therefore, in the next chapter, the force generated by some 
actuators that are used for self-folding processes and manipulation are 
investigated.         
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Chapter 5 ACTUATION 
 
 
 
 
 
 
 
5.1 Introduction 
This chapter explores the ability of actuators to be used in an actuation system 
for origami structures. Origami structures were investigated in chapter three to 
find out the types of origami structures that have suitable behaviour and 
performance to use as a self-folding or origami manipulation robot. The Origami 
Structure for Manipulation (OSM) was described in section 3.8 as a new type of 
origami robot arm. This structure can be fabricated using different types of 
materials. According to chapter four, there are two ways to fabricate origami 
structures, and both of them depend on using soft and hard materials combined 
together. The first way is to use multi-materials in a 3D printer, to print folding 
structures using the soft material Tango Plus  flx930 as a hinge and the hard 
material Vero as faces. The second way is to use Kapton tape as a hinge and 
Acrylic as faces. In the present chapter, two main approaches of actuation are 
suggested to provide the actuators for these origami structures. These 
approaches are external actuation and embedded actuation. 
The external actuation uses actuators outside the controlled structure that 
transmit the force using a force transmission system, for example, strings, ropes, 
and chains. This actuation system can use any actuator types that provide a 
different amount of force and motion speed. Most of them are conventional 
actuators like motors.  
The embedded actuation uses actuators embedded in the structure and is a part 
of it. This actuation system requires special types of actuators that can generate 
force on the elements. Actuators created with smart materials are a popular 
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actuator with the potential to be used in an embedded actuation system. The 
requirements to design an embedded actuation system are, the selection of a 
suitable smart material that could be embedded in the structure which provides 
the required force, and choosing the activation type. 
In this chapter, first external actuation is described and two types of force 
transmission systems are analysed, force transmission using string, and force 
transmission using 3D printed materials. After that, the embedded actuation is 
described. Smart materials are investigated and the shape memory wire 
actuators are examined and tested. In the final part of the chapter, discussion 
and conclusions are drawn. 
 
5.2 External Actuation  
The origami structure for manipulation (OSM), which was described in section 
3.8, is a folding arm with four sides of origami structure. Every side can be 
manipulated using a string connected to an external actuator. In this case, the 
OSM required four actuators to manipulate it to give four degrees of freedom. 
Many types of actuators could be used in an external actuation system e.g. 
electrical motors, pneumatic actuators, magnetic fields, and other conventional 
actuators. This variation of actuator types that could be used with this system of 
actuation is because the actuators located outside the structure. The significant 
point to choose the actuator is the required force to manipulate the structure. In 
this research, electrical motors are chosen to manipulate the folding structure 
OSM because they provide a suitable amount of force, they are easy to control, 
and they have a relatively high response speed. 
The stepper motor and servo motor are two types of electrical motors that are 
suitable for use in an external actuation system for the OSM structure. The 
actuator requirements to manipulate the OSM structure are relatively high-
speed, high torque, and precise angular movement when using a pulley or gears 
as a transmission system. Furthermore, a constant holding torque (without the 
need for the motor to be powered) is not required. Therefore, servo motors are 
chosen for the external actuation system of the OSM structure. 
The motor type (MG996R) with a metal gear servo is used for actuation of the 
OSM structure. This high-torque servo can rotate approximately 120 degrees.  
For its Specifications see Table 5.1. 
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Table 5.1 Specifications of servo motor (MG996R)   
Weight 55 g 
Dimension 40.7 x 19.7 x 42.9 mm 
Stall torque 92.2 N.cm (4.8 V ), 107.8 N.cm (6 V) 
Operating speed 0.17 s/60º (4.8 V), 0.14 s/60º (6 V) 
Operating voltage 4.8 V - 7.2 V 
Running Current 500 mA - 900 mA (6V) 
Stall Current 2.5 A (6V) 
 
The second part of the external actuation system is the transmission system 
that could transmit the required force for the structure. A string is chosen to be 
the transmission tool for this system. 
 
5.2.1 Force transmission using string 
String was used when the structure required an axial pulling force to manipulate 
it. Four axial pulling forces are required to control the OSM structure with four 
DOF. The structure uses four ropes (one rope in every side) to manipulate it. The 
properties of the rope, that should be considered when it used in an actuation 
system, are the stretch, weight and stiffness. Furthermore, the important property 
is how much load can be held before breaking, this is called the breaking load 
and it can be calculated using a tensile test. 
The Dyneema rope is used with our actuation system. Dyneema is an UHMwPE 
(Ultra High Molecular weight Polyethylene) fibre which is an ingredient material 
in many of highest performance ropes and is used across a range from kite lines 
to heavy lift slings. Samples of 1mm diameter SK75 Dyneema rope were tested 
in order to calculate the breaking load. The Specifications of this rope, which are 
taken from the supplier (www.ropelocker.co.uk), are a low stretch and high 
strength. Furthermore, it has (1912 N) break load for 1mm diameter and its 
weight is 0.09 g/m. 
Five specimens of 1mm diameter of Sk75 Dyneema with three different lengths 
(100 mm, 200mm, and 300 mm) were tested on tensile test machine to calculate 
the breaking load. The specimen was attached to the testing rig using the double 
figure-eight loop knot which is a strong knot used in many sports activates like 
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climbing and sailing. The Instron 3369 tensile machine was used for this test. 
The tensile test machine was calibrated before starting the test and the test 
velocity was set at 20 mm/min. This movement caused an increase in the pulling 
load until the specimen breaks. See Figure 5.1 and Figure 5.2.  
       
  
Figure 5.1 (a) The 1mm SK75 Dyneema Rope specimens. (b) The double 
figure-eight loop knot. 
 
  
Figure 5.2 (a) Tensile testing machine. (b) The specimens after testing. 
The results of the load and extension for the five specimens are then plotted as 
shown in Figure 5.3.  Furthermore, the stress, strain and Young’s Modulus can 
be calculated using the stress, strain equations (4.7) & (4.8), and  Young’s 
Modulus equation: 
 
𝑬 =
𝝈
𝜺
                                                  5-1 
(a) (b) 
(a) 
(b) 
- 87 - 
 
 
 
Then the results of the stress and strain for the five specimens are plotted as 
shown in Figure 5.4. 
 
Figure 5.3 Results of the tensile testing of 1mm SK75 Dyneema Rope. 
 
 
Figure 5.4 Stress – Strain curve for 1mm SK75 Dyneema Rope. 
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The average breaking load for the SK75 Dyneema rope in Figure 5.3 is 728N, 
and the average strain at the breaking load in Figure 5.4 is 0.176. Comparing the 
breaking load to the value taken from the supplier, a decrease of 61% was noted. 
This result is expected because other researchers found a decrease in breaking 
load when they tested different diameters of Dyneema rope [78].  
Although the breaking load is reduced to 39% from the breaking load given, it is 
still very big compared to the amount of force that is required to manipulate the 
OSM structure. When the structure is made from card paper, it weighs a few 
grams and requires just 0.5-1N to manipulate it. Furthermore, it could weigh 150-
200g or 250-350g when it is fabricated using laser cutting or a 3D printer. When 
these values of weights are adding to the forces required to fold the hinges, the 
overall force that is required to manipulate the structure can be calculated, and 
it is approximately 2.5-3.5N for the Acrylic-Kapton OSM structure, and 20-23N 
for the 3D printed OSM structure (All the details of calculating the weights and 
overall forces are illustrated in chapter six).          
The SK75 Dyneema rope is strong, low stretch and has an excellent performance 
to be a force transmission tool. These properties make it a suitable choice to use 
in an external actuation system. For the OSM structure, the SK75 Dyneema rope 
provides force transmission ability more than the structure needs. Therefore, 
another force transmission tool was fabricated using a 3D printer. 
 
 
5.2.2 Force transmission using 3D printed chain  
Building the OSM structure using a 3D printer provides an opportunity to print 
the transmission system in the same process. This process produces a “print to 
go” structure that could attach the actuators immediately. This fabrication 
approach reduces the assembly process that was required when using other 
string types.  
The design of the 3D printed transmission system or string depends on the 
material type and the shape of the string. Three types of 3D printed string were 
made. The first one is a cylindrical rod made from Tango Plus material, the 
second one is a square section bar made from combining two materials which 
are the Tango Plus material and the Vero material, the third one is a cylindrical 
chain made from Vero material. See Figure 5.5. 
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Figure 5.5 Three types of 3D printed strings. From up to down, cylindrical rod 
(Tango Plus material), Tango Plus with Vero segments, and Vero chain. 
 
The first type is made from Tango Plus flx930 material. This material was tested 
in chapter four and its properties are known. From a tensile test, it seems that 
the extension of the material is 250- 260% and the yield stress is 0.68 MPa. The 
breaking load can be calculated by using the stress equation and knowing the 
cross-section diameter of the rod and the yield stress. The result of the breaking 
load is (4.45N) and this is a very small load compared with the required load to 
manipulate the OSM structure which is approximately (20-23N). Furthermore, 
the high extension value of this material makes it stretch under the load effect 
and transmit a small amount of force. 
The second type shows the same behaviour as the first type when it is tested 
because the intervals of the Tango Plus material control the bar behaviour. The 
solid parts that are made from Vero material reduce the extension value of the 
bar but they do not increase the breaking load. Using the stress equation to 
calculate the breaking load of the Tango Plus interval, it seems to be (3N). This 
breaking load is smaller than the breaking load of the first type.     
The third type is the chain which is designed to be a cylindrical chain and consists 
of several links that are connected together. The essential link part is a small rod 
with 1mm diameter, that is connected with the other rod of another link to form 
the chain. This design gives high flexibility with very low extension ability. This 
chain was printed using Vero material. Figure 5.6 shows the shape and 
dimensions of the chain link, showing the chain printed using Vero material.       
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Figure 5.6 The design of 3 mm diameter 3D printed chain. (a) Design and 
dimensions of one element from the chain. (b) final shape after print.  
Since the 1mm rod that connected every two links in the chain is the weakest 
part, the breaking load of this rod is assumed to be the breaking load of the chain. 
The breaking load is calculated analytically using the maximum shearing stress 
theory (Tresca yield criterion) which predicts that “yielding begins when the 
maximum shearing stress equals the maximum shearing stress at the yield point 
in a simple tension test” [74]. The maximum shearing stress is assumed to be 
equal to the yield stress for the Vero material which is known from its datasheet. 
Then the load can be calculated by using: 
𝝉𝒎𝒂𝒙 =
𝑭
𝑨
                                   5-2 
Where  
τmax = the maximum shearing stress. 
A = the cross sectional area. 
F = the load. 
By using the yield stress of the Vero material, which equals (50 MPa), the 
breaking load value is calculated as (39.27 N). This analytical value of breaking 
load is more than the force that is required to manipulate the 3D printed OSM 
structure. However, the breaking load was calculated using other methods so as 
to ensure that the 3D printed chain could be used as a force transmission tool.     
The second method that is used to evaluate the breaking load is finite element 
analysis (FEA). SolidWorks software was used to perform the FE analysis with 
a model of chain link under applied axial load. Figure 5.7 shows the stress 
distribution results under applied axial loads of 19N and 23N. It seems that the 
maximum von Mises stress exceeds the yield stress of the Vero material when 
the load is equal to 23N. A decrease of 41% was noted when comparing this 
(a) (b) 
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breaking load to the analytical value. Moreover, this breaking load is nearly equal 
to the force required to manipulate the OSM structure and that means that the 
chain could fail during operation.            
  
(a)  (b)  
Figure 5.7 The finite element stress distribution results under applied axial loads 
for the 3D printed chain link (a) applied axial load 19N (b) applied axial load 
23N. 
The third way to determine the breaking load is the empirical method. Six 
specimens with different lengths (100 mm, 120mm, 150mm and 200 mm, shown 
in Figure 5.8) were tested on tensile test machinery. The Instron 3369 tensile 
machine was used for this test. The tensile test machine was calibrated before 
starting the test and the test velocity was set at 4 mm/min. This movement 
caused an increase in the pulling load until the specimen broke, See Figure 5.9. 
The results of the load and extension for the six specimens were plotted as 
shown in Figure 5.10. 
 
Figure 5.8 Six specimens of 3D printed chain. 
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Figure 5.9 (a) Tensile testing machine. (b) The 3D printed chains after testing. 
 
 
 
Figure 5.10 Results of tensile testing for the 3D printed chains. 
 
 
(a) (b) 
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The result of the average breaking load is 4.05N, and the result of average 
extension at the breaking load for the 100mm length specimens is 4.3mm. This 
breaking load is small compared with the load required to manipulate the 3D 
printed OSM structure. The empirical results prove that the 3D printed chain 
cannot be used as a force transmission tool. Furthermore, these results show 
that the “print to go” structure cannot be performed because the chain will fail 
during operation. 
To increase the breaking load, two other specimens were printed with the 
diameter of 4.5mm and 100mm length, see Figure 5.11. The two specimens were 
tested on tensile test machinery using the same test procedure as the previous 
specimens. The results are shown in Figure 5.12. The average breaking load is 
8.3N which is increased compared with the breaking load of the 3mm diameter 
chain but it is still below the load required to manipulate the 3D printed OSM 
structure.  
The 3D printed chain gives a high flexibility performance to use as a force 
transmission tool for 3D printed structure but the breaking load is the issue. 
Furthermore, there is a big difference between the breaking load calculated 
analytically and the empirical one. The reason is that the material behaviour 
depends on the printing process. Therefore, every 3D printed structure showed 
be tested before using it.   
 
 
 
Figure 5.11 The 4.5 mm diameter 3D printed chains compared with the 3 mm 
diameter 3D printed chain. 
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Figure 5.12 Tensile testing of the 4.5 mm diameter 3D printed chain. 
 
 
5.3 Embedded Actuation 
Embedded actuation means using actuators that could be embedded in the 
structure and be a part of it. This approach is useful when required to build an 
actuation system for a miniature robot or a self-folding structure. Although the 
external actuation provides a big amount of force, it cannot be used for the self-
folding process because actuation of the self-folding process is more 
complicated compared with the manipulation structure. Many hinges should be 
folded to certain angles in sequence or at the same time during the folding 
process in the self-folding structures to form this structure. This would require 
many external actuators with a large force transmission system to operate the 
process. Therefore, the simple approach to actuation of the self-folding structure 
is to use embedded actuation. An actuator is attached to every folding hinge and 
there is no need for any force transmission. 
Embedded actuation requires special types of actuators that can provide force 
directly. Smart materials as actuators are the popular choice for embedded 
actuation systems. The requirements to design the embedded actuation system 
are, choosing a suitable smart material that could be embedded in the structure 
and providing the required force, as well as choosing the activation type. 
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5.3.1 Smart materials 
Smart Materials are the materials that have a property change as a response to 
changes in their environment. These materials have one or more properties that 
can be significantly changed in a controlled fashion by external stimuli, such as 
stress, temperature, moisture, pH, electric or magnetic fields, light, or chemical 
compounds. Some of these materials are used as sensors and others are used 
as actuators. The smart materials change their mechanical properties when 
activated, and usually they are used as actuators. The popular smart material 
that is used as an actuator in the miniature or self-folding robot are shape 
memory alloys (SMA) and shape memory polymers (SMP). 
 Shape memory alloys are the type of metallic alloys which have the capability to 
retain a particular size or shape prior to deformation, this is done by using the 
heating process. The shape memory effect comes from the phase transformation 
process between two crystal structures, the lower temperature martensite phase, 
and the higher temperature austenite phase. At the martensite phase, the SMA 
can be easily deformed by applying a small force. While in austenite, which is 
the high-temperature phase, the SMA becomes hard and has a higher Young’s 
modulus. When the SMA is deformed in the martensite phase, it can recover its 
original shape when it is heated to a particular temperature. This heating process 
causes SMA to transform into the austenite structure. This process can be 
achieved by resistively heating the material using electric current, which is known 
as Joule’s heating.  
There are many types of SMAs that have been discovered. However, the type 
that has proven to be the most successful in engineering applications is the NiTi 
shape memory alloy, also known as Nitinol. The NiTi alloys have the greatest 
potential as actuator because they have many qualities such as reliability over 
millions of cycles under appropriate training, biocompatibility, they can be 
electrically heated, which simplifies the mechanism. In addition, they have the 
general advantage of overall SMA actuators such as a silent and clean operation, 
high work output, the simplicity of design and ease of miniaturization. 
SMA actuators can be used in different forms such as straight wires, cantilever 
strips, helical springs, torsion tube and torsion springs. For every type of 
configuration, there are formulations or equations that calculate the force or 
torque generated and the bending produced. It is very complicated to derive the 
formula analytically. Therefore, some researchers use the empirical method to 
calculate the force or the torque.  
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The shape memory polymers SMPs have almost the same physical properties 
of SMAs, which are related to the different transformation phases, yet they are 
polymers. There are many examples of SMPs actuators, but the popular one 
used in robotics is the prestretched polystyrene (PSPS). This type is shrunk 
when subjected to uniform heating. These shrink actions can be controlled in 
order to form many folding shapes by using the multilayers approach. 
The difference between SMPs and SMAs is that the PSPS activated fold is 
permanent while the SMA fold is not permanent but can be reversed through 
external manipulation. The ability of SMA to fold in two directions without 
manually resetting the state after each use makes it very useful to enable the 
cyclic operation for locomotion. For these reasons, the SMA is chosen to be used 
as actuators for the self-folding structure.  
5.3.2 Shape memory wire actuators  
The simplest type of SMA actuators that could be used with self-folding 
structures is the SMA wire. SMA wires enhance the simplicity of the joint 
structure when it is used as actuators for self-folding origami. According to the 
specific shape programming, the SMA produces various shape changes that 
induce various forces or torque directions. SMA wire is the cheapest type of SMA 
and can be conveniently shape-programmed for use in various applications. 
Two types of SMW actuators are illustrated in this section which are the bending 
shape memory wire (BSW) and the torsion shape memory wire (TSW) actuators, 
see Figure 5.13. The difference between these two actuators is that the 
generated force by BSW depends on the one edge bending operation while the 
generated force by TSW depends on the rod torsion operation.    
  
(a)  (b)  
Figure 5.13 Design parameters of the BSW and TSW actuators (a) BSW 
actuator (b) TSW actuator. 
LT 
L/2 
L/2 
2r 
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To obtain a clear understanding of the BSW and TSW actuators, the model 
equations are derived by combining the mechanical constitutive model of the 
SMA and the deflection model of the wire (bending deflection or torsional 
deflection). The mechanical constitutive model was established by Liang et al. 
[79] on the basis of the Tanaka model [80] as follows:  
 
𝝈 − 𝝈𝟎 = 𝑬(𝜺 − 𝜺𝟎) + 𝚯(𝑻 − 𝑻𝟎) + 𝛀(𝝃 − 𝝃𝟎)              5-3 
where  
ε is the strain; T is the temperature; ξ is the phase volume fraction, which is a 
function of ε and T; E is Young’s modulus; Θ is the thermoelastic tensor; and Ω 
is the transformation tensor. The subscript “0” denotes the initial state. E, Θ, and 
Ω are functions of ε, T, and ξ. When the initial conditions are set to zero, the 
equation becomes [50]: 
 
𝝈 = 𝑬𝜺 + 𝚯𝑻 + 𝛀𝝃                                                        5-4 
By substituting this mechanical constitutive model in the equation for the bending 
beam: 
 
𝑴 =
𝝈𝑰
𝒓
                                                                          5-5 
We can obtain: 
 
𝑴 =
𝑰𝑬
𝒓
𝜺 +
𝑰𝚯
𝒓
𝑻 +
𝑰𝛀
𝒓
𝝃(𝜺, 𝑻)                                           5-6 
The thermoelastic tensor, Θ, can be eliminated because there are just two 
thermal static models one for austenite phase at high temperature for actuation 
and one for martensite phase at low temperature for releasing. The phase of the 
SMA depending on the temperature affects the Young modulus, E. At high 
temperature, the Young modulus has a high value, Ea, which is an austenite 
phase. At a low temperature, it has a low value, Em, which is in martensite phase. 
The model equation of BSW can be abbreviated to 
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𝑴 =
𝑰𝑬
𝒓
𝜺 +
𝑰𝛀
𝒓
𝝃(𝜺)                                                        5-7 
 
The transformation tensor can be modelled as  
Ω = −𝜀𝐿𝐸(𝑇)    
where εL is the maximum recovery strain [81]. Finally, the static model of the 
BSW actuator is given as 
 
𝑴 =
𝑰𝑬
𝒓
𝜺 −
𝑰𝑬
𝒓
𝜺𝑳𝝃(𝜺)                                                     5-8 
 
To apply this model to the TSW, the model converted to shear mode is written 
as  
𝝉 − 𝝉𝟎 = 𝑮(𝜸 − 𝜸𝟎) + 𝚯𝒔(𝑻 − 𝑻𝟎) + 𝛀𝒔(𝝃 − 𝝃𝟎)            5-9 
 
Where  
 τ shear stress; γ shear strain; G shear modulus. The subscript “s” of Θ and Ω 
denotes the shear mode. By following the same above procedures and using the 
equation for the torsional beam: 
𝐓 =
𝝉𝑱
𝒓
                                                                           5-10 
The static model of the TSW can be calculated as 
 
𝐓 =
𝑱𝑮
𝒓
𝜸 −
𝑱𝑮
𝒓
𝜸𝑳𝝃(𝜸)                                                     5-11 
 
 
Both BSW and TSW have two design parameters which are the radius of the 
wire, r, and the length of the wire L for BSW, or the length of the torsional part, 
LT, for TSW as shown in Figure 5.13. These two parameters have a relationship 
with the folding angle α and the strain, whether it is a normal strain ε or shear 
strain γ, as follows: 
 
- 99 - 
 
 
 
For the BSW:  
𝜺 =
𝒓
𝑳
∝                                                                  5-12 
For the TSW: 
𝜸 =
𝒓
𝑳𝑻
𝜶                                                                5-13 
The BSW and TSW actuators are fabricated using the heating process. The SMA 
wire is fixed in a zigzag shape along an array of bolts that are installed onto the 
aluminium plate. Then it is put into the furnace and heated at 400 °C for 
15minutes. This process programs the shape of the wire into the zigzag shape. 
Then the array of the zigzag wire is cut to obtain multiple TSW and BSW 
actuators as shown in Figure 5.14. All the actuators are made from Nitinol (NiTi) 
SMA wire. 
 
 
Figure 5.14 SMA wires in torsion (TSW) and bending (BSW) actuators types. 
The BSW is programmed to fold 90o  folding angle and it could be fabricated with 
different folding angles. The TSW is programmed when it is fixed to the structure, 
for example, if 180o folding angle is required, the TSW should be twisted -180o. 
The negative sign refers to the opposite direction of the deformation.  
By knowing the radius and the length for the BSW and the TSW, the normal 
strain and the shear strain can be calculated from the equations (5-12) and (5-
13). However, the bending and torque calculations are complicated because they 
were required in order to calculate the maximum recovery strain experimentally. 
Therefore, a force test device for SMW actuators was built to test the force 
generated from BSW and TSW directly. 
(TSW) (BSW) 
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5.3.3 Force test device for SMW actuators  
The significant parameters that are required to be determined for the SMW 
actuators are the generated force and the activation temperature. Therefore, the 
test device to measure these parameters should have a load cell, to measure 
the force, and thermosensor, to measure the temperature.  The device was built 
using a flexible load cell and a thermocouple type K shown in Figure 5.15. The 
load cell that was used is called SingleTact load cell and it is from the supplier 
SingleTact [82]. It has a full-scale measure of 1N with force resolution <0.2% of 
full scale and it could measure up to 300% at full scale. The load cell is fixed to 
a 3D printed platform that has a pad placed above the load cell. This pad could 
be replaced with another one that has a different surface angle to measure the 
generated forces for different angles of folding, see Figure 5.16.  
 
 
Figure 5.15 Force test device for SMW actuators 
 
  
(a) (b) 
Figure 5.16 (a)The load cell attached to 3D printed platform, and (b) the flat 
pad (90 folding angle) with fixed BSW actuator specimen. 
SingleTact 
Load cell 
thermocouple 
type K 
Flat pad  
BSW specimen   
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The type K thermocouple that is used in this device has the temperature range 
from 0oC to 700oC with 0.25oC resolution. It used the MAX6675 junction to 
convert the analog signal to digital. The two sensors are connected to the 
Arduino which is programmed to be compatible with the LabView software. 
The virtual instrument script (VI) was built using LabView software to collect and 
save the results in an Excel file. Figure 5.17 shows the graphical user interface 
of the VI program which displays the temperature and force charts. Furthermore, 
it has a calibration button which resets the value of the load cell measure to the 
original line. 
   
 
Figure 5.17 Graphical User interface for the force test device. 
The test procedure starts with the selection of the pad angle that required to 
measure the force. The specimen is fixed in the 3D printed platform and the 
thermocouple attached it. The specimen is activated and the force measured at 
different temperatures. There are two ways to activate the SMW actuator. The 
first way is to use a hot air blower that can provide hot air at temperatures up to 
200o C. The second way is to use a direct electric heating (Joule heating) process 
which activates the SMW with an electric current. A Mosfet transistor is used to 
prevent short circuit damage. 
All sensors were checked before use. The thermocouple was checked using 
chilled water and boiling water. The thermocouple read 0.5o -0.7o C for chilled 
water and 100.4o -101o C for boiling water which means it has an error range 
between 0.7 to 1%. Furthermore, the hysteresis of the load cell was tested by 
using three loads (0.5, 0.7 and 0.9N) and the results are shown in Figure 5.18. 
The maximum value of the hysteresis error reached 5%.   
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Figure 5.18 Hysteresis Test curve for the force test device. 
 
5.3.4 SMW force tests 
Three wires with different diameters were used in these tests to find the 
relationship between the diameters and generated forces. The sizes of the 
diameters were (0.25mm, 0.5 mm and 1 mm). Three specimens with 1mm 
diameters were tested first. They were activated using hot air and used the 90o 
pad test. Figure 5.19 shows the results. The start activation temperature is 
between (51–55o C) and the austenite finish temperature is between (72-76o C). 
Furthermore, it can be seen that the generated forces reach a steady state at 1N 
for the finish temperatures. 
 
Figure 5.19 Activation curve for BSW actuators (1 mm Diameter, 90o folding 
angle) using hot air activation process. 
- 103 - 
 
 
 
Nine BSW specimens were tested using different angle pads so as to find the 
effects of the folding angle on the generated force. Six specimens have 1mm 
diameter and other three have 0.5 mm diameter. They were tested using (30o 
,60o and 90o ) angles of folding pads and were activated using hot air. The results 
are shown in Figure 5.20 which shows that there is a very slight difference 
between the amount of generated forces (less than 0.04N) at different folding 
angles. Furthermore, it is clear that the diameter of the wire has a large effect on 
generated forces. The generated forces are between (0.95-1.06N) when the 
diameter is 1mm. With a diameter of 0.5mm, the generated forces are between 
(0.45-0.51N).      
      
 
 
Figure 5.20 Activation curve for BSW actuators with different angles of folding  
using the hot air activation process. 
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The next test focussed on the effect of the wire diameter on the generated force 
in BSW actuators. Four specimens were used in this test. They were tested using 
hot air activation and 90 degree angles of the folding pad. The results are shown 
in Figure 5.21. It is clear that the generated force is increased when the size of 
the diameter is bigger. The steady state generated force for 0.25mm diameter is 
0.2N and for 0.5mm diameter is 0.49N. The results show stability in the activation 
process for all diameter sizes and they have nearly equal activation 
temperatures. The start activation temperature is between (51–54C) and the 
austenite finish temperature is between (72-78C). 
 
 
 
Figure 5.21 Activation curve for BSW with the 90o folding angle and different 
diameters sizes using hot air activation process. 
 
Moving to the TSW actuators, four TSW specimens that have different diameters 
sizes ( two with 1mm diameter and other two with 0.5 mm diameter) were tested 
using 90 folding angle pad and hot air activation. Figure 5.22 shows the results. 
The start activation temperature is between (50–55C) and the austenite finish 
temperature is between (71-79C). The steady state generated force for 0.5mm 
diameter is 0.45N and for 1mm diameter it is 1N.  
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Figure 5.22 Activation curve for TSW actuators with the 90o folding angle and 
different diameters sizes using the hot air activation process. 
It is clear that the TSW actuator produces force nearly equal to the force that is 
generated from BSW actuator. In Figure 5.23, the results of four specimens were 
put, two BSW actuators and two TSW actuators, that have the same diameters 
(1mm) and for the same folding angle pad (90o ). It is clear that the results of the 
generated forces are nearly equal. 
 
 
Figure 5.23 Activation curve for BSW and TSW actuators (1 mm Diameter, 90o 
folding angle) using hot air activation process. 
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The final test illustrates the effect of the activation type on the generated forces. 
Four BSW specimens made from Nitinal (NiTi) SMA wire were tested. These 
specimens have the same diameters (1mm) and same folding angle (90). Two 
of them were activated using hot air and the other two specimens were activated 
using electric hating (Joule heated). The results are shown in Figure 5.24. It is 
clear that the activation type has no effect on the amount of the generated force. 
There is a slight difference between the results but it is so small that it could be 
neglected. The start activation temperature and the austenite finish temperature 
are in the same range as in previous results and that is expected because the 
activation temperature is a material property and it is not effected by activation 
type.   
 
 
Figure 5.24 Activation curve for BSW actuators (1 mm Diameter, 90o folding 
angle) using two types of the activation process. 
 
The overall results of tests show that the wire diameter is a very effective 
parameter to determine generated forces and other parameters have no effects 
or have very small effects. The average generated forces are 1N, 0.45N and 
0.2N for 1mm, 0.5mm and 0.25mm diameters of SMA wire, respectively. The 
range of start activation temperature is between (50–55C) and the range of 
austenite finish temperature is between (70-79C). 
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5.4 Discussion  
The actuation system depends on the specification of the robot structure. Speed,  
accuracy and a large amount of force are required in the case of the manipulation  
structure OSM. Therefore, the external actuation is the right choice to actuate 
this type of structure because the actuators are placed outside the structure and 
that means it can be used at any high speed and heavy duty motors as an 
actuator. However, this actuation system required a force transmission system 
that can transmit these amounts of force without breaking. 
Two types of force transmission tools were tested; the SK75 Dyneema rope and 
the 3D printed chain. The results show that the SK75 Dyneema rope has a 
breaking load of 728N. This is a very big load that is more than that is needed 
for the manipulation structure. Meanwhile the results of breaking load for the 3D 
printed chain are very small compared with the breaking load of Dyneema rope. 
Three different results were obtained when the breaking load of the 3D printed 
chain was calculated. The analytical result is 39.27N, the FEA result is 23N and 
the empirical result is 4.05N.  The difference between the analytical result and 
the FEA result was expected because the analytical calculation depends on the 
maximum shear stress theory (Tresca yield criterion) while the FEA calculation 
depends on the Von Mises theory. The unexpected result is the empirical result. 
This result gave the fact that every small-scale design is fabricated by using the 
3D printer and should be tested before use because the 3D printed process is 
not ideal to produce the same big scale material properties. 
With all the benefits of the external actuation system it cannot be used as an 
actuation system for the self-folding structure because the complication of the 
self-folding process would require a huge system of force transmission to 
operate it. Therefore, embedded actuation with smart materials is the suitable 
system for the self-folding structure. The SMA wire is used to fabricate different 
types of actuators that could work as an embedded actuation system. 
The results of testing the two types of the SMA wire actuators show that the BSW 
actuator and the TSW actuator gives the same amount of force for the same 
diameter. Also, this amount of force is suitable to fold a hinge made from 3D 
printed material or by using the Kapton-acrylic approach. The results show that 
the amount of generated forces for different angles of folding are equal and that 
is because the generated force in every angle of folding was tested separately 
and without any external load.    
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5.5 Conclusions 
Two main approaches of actuation are suggested to provide the actuators for the 
origami structures. These approaches are external actuation and embedded 
actuation. The external actuation was described and two types of force 
transmission systems were analysed, which are force transmission using string, 
and force transmission using 3D printed materials.   
After testing the force transmission systems, it is found that the SK75 Dyneema 
rope is suitable as an actuation system to operate the OSM structure. It is 
flexible, low stretch and has a high breaking load. The results show that the 3D 
printed chain has very small breaking load and it cannot used as a force 
transmission tool. This result means that it will not be possible to fabricate a 
successful “print to go” 3D printed OSM structure.  
The embedded actuation was proved to be the feasible actuation system for the 
self-folding structure after testing the BSW and TSW actuators. The results show 
the ability of these actuators to fold 3D printed hinges and Kapton -acrylic hinges. 
The next step was to combine the OSM structure with the external actuation 
system in order to build an OSM-bot (Origami structure for manipulation robot). 
Merging the 3D printed structure, (that has hinges printed using Tango plus 
material), with SMW actuators to provide a self-folding structure was another 
step towards realising self-folding structures.
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Chapter 6 DESIGN AND FABRICATION OF FOLDING 
STRUCTURES 
 
 
 
 
 
6.1 Introduction 
The three steps to the fabrication of any folding structure are; studying the 
geometry of the structure; choosing the material; and choosing the actuators that 
provide the folding forces. The geometry and kinematics of the origami structure, 
and the design of structures that are suitable for use as an origami robot arm 
were investigated in chapter three. In chapter four, the ability to use 3D printed 
materials to build a hinge was examined and proved. Furthermore, the behaviour 
of Kapton as a material to use as a fluctuation hinge was investigated. Chapter 
five discussed the actuation systems and the differences between them. To build 
a folding robot, all the information from the three previous chapters had been 
used and the technology was integrated to create a self-folding structure and an 
origami robot arm.  
Therefore, the fabrication of self-folding samples by using three different 
methods and materials are illustrated in this chapter. The fabrication of the OSM-
Bot is demonstrated in this chapter. Furthermore, the OSM-Bot behaviour and 
motion are examined, and the results are shown. Finally, there are conclusions.   
 
6.2 Fabrication of Self-Folding Structures 
Self-folding structures are made from a continuous sheet which has solid faces 
and fluctuation hinges between these faces with embedded actuators. There are 
many approaches to fabricate the self-folding structure. The commonly used or 
the conventional approach is the manual approach. This approach consists of 
cutting the shape of faces from solid material and sticking them on a flexible 
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sheet to form the crease pattern manually. The flexible material between face 
edges works as a fluctuation hinge. The other approach to fabrication is by using 
laser cutting to cut the solid faces with more precision. After that, the laminar 
layers that contain a flexible thin sheet between solid faces form the crease 
pattern. The third approach is by using a 3D printer to print the crease pattern 
using the multi-material printing technique. This technique prints a structure by 
using two different materials at the same time; solid material for the faces and 
soft material for the fluctuation hinges. All these approaches were used to 
fabricate two simple types of origami structures. These are the origami ball 
structure and self-folding cubic structure. 
     
6.2.1 Unit Cell of Origami Ball (Waterbomb) Structure  
All Tessellation structures consist of several identical unit cells that form the 
crease pattern, such as Miura origami and origami ball. The design and 
fabrication of these type of structure can be simplified by designing and 
fabricating one unit cell and then repeating the process to fabricate the full 
structure. All three construction methods are used to fabricate the unit cell of the 
origami ball. Before that, the simulation program V-rep is used to examine the 
process of unit cell folding. Figure 6.1 shows the folding and unfolding of the unit 
cell of origami ball with active revolute joints at angles γbr , γbl and αb. The 
maximum activation angles are 90o. 
 
  
Figure 6.1 V-REP model of the unfolding, and folding of a single origami ball 
cell with active revolute joints. 
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The three approaches to fabricating self-folding structures were used to fabricate 
the self-folding unit cell of the origami ball. The first sample was fabricated by 
using hard card paper as faces and thin nylon film as a pad to form the fluctuation 
hinge between faces. After that, three bending SMW actuators (BSW)  were 
stuck on angles γbr, γbl, and αb with activation angle 90o. Figure 6.2 shows the 
complete folding origami ball after activation by using hot water ( 70 -90oC ). The 
folding process took 2-3 sec to complete.  
 
 
  
(a) (b) 
Figure 6.2 Self-folding paper of a single origami ball cell before and after 
activation by using hot water (70 -90o C). (a) before activation (b) after 
activation. 
 
 
The same design of the unit cell was fabricated using an acrylic sheet that is cut 
into triangular shapes to be the faces by using laser cutting. After that, the faces 
were covered with upper and lower thin layers made from Kapton film to form the 
final shape of the unit cell. The three BSW actuators were used to actuate the 
unit cell in the same way as the previous sample. See Figure 6.3. The two layers 
of Kapton films works as a fluctuation hinge between the solid acrylic faces. The 
behaver of folding for this sample is the same as the previous sample with folding 
time of 2-3 sec when using hot water (70-90oC) as an activation boundary. 
 
 
- 112 - 
 
 
 
 
 
  
(a) (b) 
Figure 6.3 Self-Folding unit cell of origami ball, which is made from acrylic and 
Kapton, before and after activation by using hot water (70 -90o C). (a) before 
heating (b) after heating. 
 
The third sample was fabricated using a 3D printer with a multi-material 
technique. As described in chapter 4, the Vero material was chosen for the faces 
and Tango Plus flx930 material for the fluctuation hinges. The first attempt to 
print this sample of the unit cell failed, see Figure 6.4. The figure shows many 
cracks on the transformation edges. This situation happens due to the 
transformation process from solid material to the soft material, where gaps 
appear at the borders. These gaps are formed because some printing lines have 
no material in the head of the 3D printer.  
To solve this problem, A new sample of the unit cell with 0.5 mm overlap of the 
Tango Plus material on the transformation edges was printed. Figure 6.5 shows 
that some cracks were formed in the hinges during the folding/ unfolding process. 
These cracks were formed because of the relatively high thickness of the Tango 
Plus material. Finally, the solution to the hinge failure was found by making the 
soft material as a pad layer under the solid faces and making the solid faces as 
the inner surface during the folding process see Figure 6.6. Figure 6.6b shows 
the three layers that create the unit cell. The blue layers represent the Tango 
Plus material, and the red layer represents the Vero material. Every layer has a 
1mm thickness. When they were printed; an overlap of 0.25 mm was considered 
to be between Vero and every Tango Plus layer. 
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Figure 6.4 (a)Origami ball pattern printed by using 3D printer with multi-materials 
technique. (b) Gaps at the border between solid and soft material. 
 
  
Figure 6.5 Microscopic photos of the hinge printed using Tango Plus flx930 
material. (a) Gaps at the border between solid and soft material. (b) The 
cracks on the surface of the soft material.  
Tango Plus 
flx930 
Vero 
(b) 
(a) 
(a) (b) 
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(a) (b) 
Figure 6.6 (a) 3D printed Unit cell of Origami ball. (b) The layers of Tango Plus 
and Vero materials. 
 
 
 
6.2.2 Self-Folding 3D Printed Cube 
Six square faces and five fluctuation hinges are configurations any folding cube. 
Figure 6.7 shows the process of folding a cube by using the v-rep simulation 
program. Five revolving joints with 90o final angle of folding were used. The 
simulation results shows a smoothly folding process with a suitable stable body. 
The 3D printed model has been designed using the dimensions 30x30 mm  for 
faces and  5 mm for the width of fluctuation hinges. The faces thickness is 1 mm, 
and the fluctuation hinges have a thickness 1.5 mm. The model was printed by 
using the multi-material 3D printed technique and made a Tango Plus pad with   
1.5 mm thickness under the Vero faces, see Figure 6.8.  
 
 
 
 
 
 
Vero 
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Figure 6.7 V-REP model of the unfolding, and folding cube with active revolute 
joints. 
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Figure 6.8 Cube pattern printed by using 3D printer with multi-materials 
technique. 
 
The BSW with 1 mm in diameter is used to actuate the self-folding origami cube. 
Five BSW actuators with 90o activation angle are stuck to the structure of the 3D 
printed cube. Each BSW actuator was attached on the outer side of the 
fluctuation hinges, see Figure 6.9. The self-folding cube was tested under 
uniform heating by using hot air (90o C-120oC ) as an activation boundary. Figure 
6.10 shows that the self-folding cube is completely folded in just 19 seconds. 
 
 
Figure 6.9 Five BSW actuators with 90o activation angle are attached to the 
structure of the 3D printed cube. 
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Figure 6.10 Self-folding process by uniform heating. 
 
6.3 Origami Structure for Manipulation Robot (OSM-BOT) 
The origami structure for manipulation (OSM-Bot) is a folding structure arm that 
has four sides of the origami structure which have been described in section 3.8. 
Every side consisted of four unite cells of origami ball. This unique structure 
provides an excellent bendability when actuated using a string to pull every side 
individually. This structure can form an arm with a bend of a small radius of 
curvature by using three segments. 
In section 5.2, the ability to use string to actuate OSM-Bot has been investigated. 
The actuation system that was used with this type of robot arm is the external 
actuation system using a rope for force transmission.  
0 s 
15 s 19 s 
6 s 10 s 
3 s 
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The OSM-Bot was fabricated using inexpensive materials. This structure has 
unique properties. It is a very lightweight robot with high manipulation ability. The 
soft material that is used to form the fluctuation hinges makes this robot to be 
soft. It has a soft reflection on any disturbance force. The prototype of OSM-Bot 
was fabricated using a thick paper to examine the ability to manipulate it. 
 
6.3.1 The Fabrication of (OSM-Bot) 
Card paper has been used as a preliminary material to fabricate the prototype of 
(OSM-Bot). The first step is folding the four sides of the segment. Every side has 
a crease pattern which contains four unit cells of origami ball set as a column, 
see Figure 6.11. The dimension of the unit cell is ab=55 mm and θ=45o. After 
folding all the four sides, they are attached from the top and bottom to the square 
bases, which are made from card paper, to form one segment, See Figure 6.12. 
The OSM-Bot is made from three segments connected together. See Figure 
6.13. Four strings, which are SK 75 Dyneema rope with 1mm diameter, are used 
as a force transmission mechanism in the actuation system of the OSM-Bot. 
Every rope is connected with one side and provide a tensile force on that side. 
 
 
Figure 6.11 One side of paper OSM-Bot. (a) Its crease pattern. (b) Final shape 
made from card paper.  
(a) 
(b) 
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Figure 6.12 Crease patterns of four sides and the top and bottom square bases 
that form one segment of OSM-Bot. 
 
 
Figure 6.13 The final shape of OSM-Bot that contains three segments of OSM 
structure. 
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The actuation system consists of four actuators which are the servo motor type 
(MG 996R) with metal gear, and the Arduino based controller with a joystick to 
control and manipulate the OSM-Bot. Every servo motor has a pully with 76 mm 
diameter. These pullies are pulling strings when they rotate. Figure 6.14. 
 
 
Figure 6.14 The control part of the OSM-Bot. 
The bending motions of the OSM-Bot depend on the length of the string on each 
side of the structure. When the strings do not exert tensile forces on the distal 
end, and the Zi axis is colinear with Zb axis, the OSM-Bot is in its home 
configuration. By assuming the length of the strings in this home configuration is 
equal, and it is called Lo, which is also equal to the length of the arm. The bending 
motion happens when the effective length of each string reduces to Li  (Li<Lo), 
and that occurs when the strings are wound by rotating the pulleys. In this case, 
the distance between each pair of unit cells is derived as:  
𝒍𝒊 =
𝑳𝒊
𝒏
                        6-1 
   
Where n is the number of unit cells in each side which is n =12 in the present 
structure. The angle αb can be calculated from li and that leads to calculating all 
the parameters of the unit cell of the origami ball that forms the OSM-Bot.  
The resistance of paper and the gravity are used to return the robot to its home 
configuration when the tensile forces are released. See Figure 6.15. The bending 
motions of the OSM-Bot were evaluated in an experimental test. The four 
Pully Servo motor 
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actuated sides of origami structure have two typical working phases including 
the bending motion and axial contraction. These phases are enabled by three 
types of actuation process which are; one string in tension provide tensile force 
to make bending motion in one side; two string in tension provide tensile force to 
make a bend in motion in combined axis direction; four strings in tension proved 
tensile forces to make a pure contraction. See Table 6.1 
 
 
Figure 6.15 The shape of OSM-Bot at its home configuration. 
Table 6.1 Working phases of the OSM-Bot. 
Working phases 
Tensile 
force(s) 
Length of strings 
L1 L2 L3 L4 
Bending motion 
One string in 
tension 
<LO >LO >LO >LO 
>LO <LO >LO >LO 
>LO >LO <LO >LO 
>LO >LO >LO <LO 
Two string in 
tension 
<LO <LO >LO >LO 
>LO <LO <LO >LO 
>LO >LO <LO <LO 
<LO >LO >LO <LO 
Pure contraction 
Four strings 
in tension 
L1 =L2 = L3 = L4 <LO 
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Figure 6.16 shows the OSM-Bot when it is driven by only one string which 
provides a tensile force to bend the robot in one direction. The experiment shows 
that one string in tension leads to bending motion in a normal plane that contains 
the path of the string in tension and the maximum bending angle is almost 180o. 
Figure 6.17 shows the OSM-Bot when it is driven by two strings which provide 
tensile forces to bend the robot in a normal plane that lies in the middle between 
two strings paths and make an angle of 45o with them. 
The experiment result proves the ability of manipulation for this novel origami 
robot which can provide mixed contraction and bending motion. These types of 
motion and characteristics of the OSM-Bot make it a potential solution for many 
applications cases such as whole arm manipulation, snake, and worm robots for 
locomotion. 
 
 
 
  
Figure 6.16 Bending motion generated by one tensile force. 
 
 
 
 
 
Δl1= 60mm Δl1= 30mm 
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Figure 6.17 Bending motion generated by two tensile forces. 
 
 
6.3.2 Fabrication of OSM-BOT using Acrylic and Kapton 
Acrylic with 1 mm thickness was used to fabricate the faces of the origami 
structure that form the OSM-Bot. A laser cutting machine was used to cut the 
acrylic into a precise shape. After that, two layers of Kapton are used on the top 
and bottom of the acrylic faces to hold together all the structure. 4 mm gaps 
between faces that contain two layers of Kapton represent the fluctuation hinges, 
see Figure 6.18. The figure shows the steps in the fabrication of the sides of the 
OSM-Bot segment and the final shape of the OSM-Bot arm. The SK75 Dyneema 
Rope with 1 mm in diameter is used to transmit the tensile force from actuators. 
 
Xb 
Yb 
45o 
Δl1= Δl2 = 60mm 
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(a) (b) 
  
(c) (d) 
Figure 6.18 The steps of fabrication the sides of OSM-Bot segment and the final 
shape of OSM-Bot arm. (a) laser cutting of the acrylic sheet. (b) cut pieces 
placed on a Kapton sheet. (c) four cells side. (d) final shape of OSM-Bot.  
 
To calculate the force required to manipulate the acrylic Kapton OSM-Bot; first, 
the weight of the structure should be calculated. The structure contains 48 unit 
cells of origami ball with 55X55 mm dimensions and three bases with 60X60 mm 
dimensions. The volume of the whole acrylic material was calculated to be equal 
to 130 cm3. By knowing the density of acrylic, which is  ρa =1.19 g/cm3, the weight 
is determined as Wa =ρa x Va = 155 g. By adding the weight and resistance of 
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Kapton, the force required to manipulate acrylic-Kapton OSM-Bot Would be 
approximately 2.5-3.5 N.  
When the acrylic-Kapton OSM-Bot is tested in the same way as in the previous 
section 6.3.1, the structure fails to return to its home configuration, see Figure 
6.19. The reason for failure is that the resistance and stiffness of the Kapton is 
not enough to hold the weight of the structure. Therefore, it is required to add a 
high stiffness material such as springs or metal rod to provide the stiffness that 
can return this structure to its home configuration. 
 
 
 
Figure 6.19 The acrylic-Kapton OSM-Bot during the test. 
 
6.3.3 The Ability to Fabricate the OSM-BOT using a 3D Printer 
The OSM-Bot consists of three segments of the origami structure. Every 
segment has four sides, and every side has four unit cells of the origami ball. It 
is required to design the structure that has 48 unit cells to fabricate the OSM-Bot 
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using a 3D printer. Every unit cell should be printed using the multi-material 
technique as was explained in section 6.2.1, see Figure 6.6. 
The first step to examine the fabrication of the OSM-Bot using a 3D printer is to 
calculate the weight of the structure. The structure contains Vero material with 
density 1.18 g/cm3 and Tango plus with density 1.17 g/cm3. The Vero volume is 
calculated by determining the volume of faces in all 48 unit cells and adding them 
to the volume of the three bases. The volume of Vero material is equal to 195 
cm3, and the volume of Tango material is equal to 70 cm3. The weight can be 
calculated from multiplying the density by volume. The overall weight of OSM-
Bot is 312 g =3.12N.  
The resistance of Tango plus material in the fluctuation hinges should be 
considered to determine the overall force required to manipulate the OSM-Bot. 
From figure 4.15 and by using the approximate angle of folding as 80o , the force 
required to fold all fluctuation hinges can be determined as 17-20 N. by adding 
this force to the weight, the overall force required to manipulate the structure will 
be between 20-23N. However, the maximum load that is calculated for the 3D 
printed chain is equal to 8.3N, see figure 5.12. This mean that the 3D printed 
structure OSM-Bot with a 3D printed chain which worked as a force transmission 
can fail during operation (especially during the one side bend operation). 
Furthermore, the weight and the forces required to manipulate the OSM-Bot 
increases the strain at the base unit cell (The first unit cell in upper segments) 
and that leads to an increase in the likelihood of fatigue failure in the fluctuation 
hinges of these unit cells. 
 
6.4 Conclusions 
The chapter describes the design and fabrication of origami structures. A self-
folding unit cell of Origami ball is fabricated by using three approaches. The first 
approach is to fabricate manually by using card paper and a thin sheet of nylon. 
This paper unit cell is actuated with BSW actuators and is activated by uniform 
heating. The self-folding unit cell folds smoothly in just 3 seconds. The second 
unit cell, which is fabricated by using acrylic and Kapton gives the same result. 
The third approach to fabrication of the self-folding structure is by 3D printing 
with a multi-material technique. The samples made by 3D printing had many 
issues in the transformation section at a hinge line. The issues are at the 
transition between hard (Vero) material and the soft material during printing. 
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These issues are solved when using the soft material Tango Plus flx930 as a 
pad under the Vero faces. A self-folding cube was fabricated by using this 3D 
printing approach. The cube was activated by using five BSW actuators with 
uniform heating activation. The cube operates a stable folding process within 19 
seconds. 
The fabrication of the OSM-Bot is illustrated in this chapter. It is fabricated using 
paper cards and actuated using the external actuation system that has four servo 
motors and Sk75 Dyneema rope for force transmission. The OSM-Bot shows the 
ability to be manipulated using contraction and bending motion in four directions. 
Two other ways to fabricate the OSM-Bot are investigated: the acrylic-Kapton 
with laser cutting approach, and the 3D printing approach. The two methods fail 
to build a stable OSM-Bot structure that could operate like the card paper origami 
structure.
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Chapter 7 CONCLUSION AND FUTURE WORK 
 
 
 
 
 
 
7.1 Assessment of research objectives 
Five research objectives were outlined in section 1.3. This section identifies the 
extent to which they have been fulfilled during this study: 
1.Explore the geometry of origami structures and their ability to operating tasks.  
Chapter two reviewed research that examines the origami structure ability to self-
folding and manipulation tasks. These researches contain self-folding robots that 
are inspired by the origami structure. Other research studied the ability to use 
the origami structure as a worm-like robot.  
Chapter three investigated three types of origami structures: Miura origami, 
origami ball, and Twisted tower origami. The mathematical models of Miura 
origami and origami ball were derived. And their effective angles were calculated. 
The ability of self-folding for these structures was studied, and the result that was 
illustrated found that the unit cell of origami ball and Miura origami can be used 
as a self-folding structure.  
In chapter six, the self-folding unit cell of origami ball is fabricated and examined. 
The result shows a stable and smoothly self-folding process. 
 
2.Explore the material properties of 3D printed structures.  
In chapter four, the use of 3D printed material as a hinge was investigated. The 
Tango Plus flx930 was tested to use in a flexure hinge. The result of the tensile 
test and fatigue test proved that the Tango Plus flx930 could be used in a flexure 
hinge with an appropriate limit of working life. The equation that calculated the 
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force required to fold a hinge made from Tango Plus was obtained from the result 
of the bending test. 
In chapter five, the chain made with Vero material was tested as a force 
transmission tool for an external actuation system for a 3D printed structure. The 
tensile test provides a result less than the expected and that leads to excluding 
the use of Vero chain as a force transmission tool.  
The 3D printed multi-materials technique was used to print a unit cell of origami 
ball and cube in chapter six. This technique was investigated and resulted in 
many failures before a new hinge design was created that worked well. The new 
design used a Tango plus pad under the Vero faces. This type of hinge gave a 
suitable result when it was tested. 
 
3.Investigate actuation systems for folding structures. 
Chapter five investigated two actuation systems: external and embedded 
actuation system. The external actuation system was used in a folding structure 
that is used for manipulation, such as a robot arm. This type of system required 
force transmission tools. In the same chapter, the SK75 Dyneema rope was 
tested, and the result shows a very high breaking point. That is mean, this rope 
is a suitable choice to use as a transmission tool for the external actuation 
system.  
Another type of force transmission was tested in chapter five, which is the 3D 
printed chain. This chain does not provide a suitable tensile strength when it was 
tested, and it could not use as a force transmission tool. The embedded actuation 
system was studied, and the use of smart material as actuators was investigated. 
The smart material that was tested to use as an actuator was SMW. The result 
shows long activation time but with suitable force provide. This result made the 
SMW be a proper actuator that could be used in a self-folding structure. 
 
4. Explore the behaviour of the shape memory alloy(SMA) actuators.  
As it was explained in the previous point, the SMW was tested in chapter five. 
The test was used to calculate the activation temperature and the force provided 
by SMW actuators. The result shows that the activation temperature between 
(50-79oC) and the providing force depends on the diameter of the SMW. Two 
types of actuators were used BSW and TSW. These two types provide the same 
force for equal diameters when they are tested. 
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5. Design and fabricate an origami robot arm.  
A new and novel type of origami structure for manipulation was created and 
explained in chapter three. This structure (OSM-Bot) has great bendability and 
soft reaction to any disturbing forces. Its structure depends on the behaviour of 
the unit cell of the origami ball, which is considered to be the element that created 
the OSM-Bot. 
In chapter six, the OSM-Bot was fabricated and tested. It was controlled using 
an external actuation system which consists of servo motors and force 
transmission ropes. The OSM-Bot provides a great ability to bend as well as to 
contract, and it has four DOF. 
 
7.2 Conclusion 
The fabrication of an origami folding robot requires the study of different aspects. 
The first aspect of investigated is the origami structure. After many types of 
origami structure were investigated, the best one to be used in a self-folding 
structure is the Tessellation origami. These types of origami have excellent 
performance and properties such as low bend stiffness, shape morphing, and 
high ability of contraction. 
The unit cell of the origami ball can build a new type of structures that has low 
bend stiffness. These structures could be used to construct a folding arm robot. 
Modular origami could use to build a low bend stiffness structure but could not 
apply in the application of the self-folding robot. The reason is that the self-folding 
structure required a continues sheet origami pattern. 
The material is the second thing that is required to study for fabrication folding 
robots. The essential part of the origami structure is the hinge. Therefore, the 
material that forms the hinge must be carefully selected and tested. The 3D 
printed Tango Plus flx930 provide a suitable tensile force and fatigue limit to be 
used as a flexure hinge. The fabrication of the hinge using soft and hard material 
shows many issues in the transformation lines when it is printed. The continues 
pad of Tango Plus flx930 under Vero's faces reduce the failure. And prevent the 
cracks and gaps from appearing in the transformation line. Furthermore, putting 
an overlap printing limit reduce the gaps in the transformation line. 
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The laminate layer approach could be used to build a flexure hinge when used 
acrylic and Kapton material. The tensile and fatigue limit of Kapton is higher than 
the Tango Plus, but the stiffness is lower. 
The actuation system is the third aspect that should study when fabrication of 
folding robots. The external actuation system is suitable for folding structure for 
manipulation, but it can become very complicated when used in a self-folding 
robot. The use of 3D printed chain for force transmission does not succeed. The 
designed Vero chain provide high flexibility but low tensile strength. Furthermore, 
the action system of self-folding structure used the embedded smart material 
actuators the BSW, and TSW actuators provide the same bend force for the 
equal diameters. The forces that are supplied by BSW and TSW actuators could 
not operate a reverse folding process.  
The self-folding origami cube has been printed using Tango Plus and Vero 
material. The cube shows a smoothly folding process, but it is still slow because 
the embedded BSW actuators required a long time for activation under uniform 
heating. The OSM-Bot provide high manipulation ability. And the four servo 
motor actuators give high response movement and more occurrent position. 
Furthermore, The low bending stiffness makes OSM-Bot reach to all most 180o 
bend angle. 
 
7.3 Future work 
This research has provided a starting point for research into the fabrication of 
origami folding robots. It is required long development to reach an origami self-
folding and high manipulation robot that could carry out tasks. All design and 
fabrication aspects that are mentioned in the 7.2 section are required to have 
more work and development. 
The origami structures require more investigation to create other types of origami 
structure. The researchers can compare between two or more unit cells of 
different kinds of origami to create a structure that has all the features of these 
unit cells. 
The use of the 3D printer approach requires the investigation of more materials. 
Furthermore, the multi-material technique requires to develop by using a new 
type of design or adding third material to reduce the ability of failure on the 
transformation line. The option of embedding the actuators during the 3D printed 
process should be investigated. 
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The self-folding structure required faster actuators than the SMW or SMP. New 
types of smart materials can be used to reach high response folding. The OSM-
Bot required more improvements such as the strength of structure and accuracy 
of movement. The essential improving that is required is the task operation. 
Furthermore, other material should be used to fabricate OSM-Bot to make it have 
higher stiffness. The acrylic-Kapton model of OSM-Bot required to test many 
types of mechanisms that provide stiffness to the structure. Change its design to 
reach a high axial stiffness with low bend stiffness structure. 
The new type of printed chain or string can be developed to fabricate a print to 
go type of OSM-Bot. The 3D printed OSM-Bot can be studied and obtain a new 
structure that could be print with their force transmission tools. The reaching to 
print to go version of OSM-Bot could lead to huge progress in the origami folding 
robot fields and 3D printing fabrication approach. 
Future work is required to control the OSM-Bot arm so that a given end-effector 
position can be obtained with what precision and repeatability. Initially, the 
forward kinematics of the robot could be investigated to determine string length 
to obtain a given end -effector position. Investigate transmission system that can 
be 3D printed at a hinge with a local motor placed at each hinge.   
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Abstract— Self-folding is the ability of the 
structure to fold and/or unfold without human 
intervention or any application of external 
manipulation. It is known that the structure of 
folding object consists of two essential parts. These 
parts are the faces and the creases.  
In this paper, it is assumed that the faces could 
be built by using solid materials, and the crease 
lines can be built using soft material which 
provides a high bent ability. Furthermore, these 
two materials should be combined built without 
using any connections between them. Fortunately, 
the 3D printer provides this capability. It can print 
two types of different materials at the same time 
for the same structure. Therefore, a 3D printer is 
chosen to fabricate a folding structure using two 
types of material. These types are the Vero for solid 
faces and Tango plus FLX930 for the soft creases 
lines. The soft material at hinge part (creases lines) 
subjected to the load directly when the structure 
folds. It should have a clear view of the mechanical 
properties of this material. Therefore, several 
mechanical tests for Tango FLX930 material are 
operated to calculate its mechanical properties and 
find the force that required to fold it. 
 
Keywords— Self-Folding Structure; 3D printer; 
Tango Plus.  
 
I. Introduction  
The self-folding structure gives the 
opportunity to manufacture many types of robots 
as a plane sheet. This sheet can fold itself during 
the task operation. The folding robots are inspired 
from the “origami” which is the Japanese’s word 
that means the art of folding papers. In the last 
few years, some researchers consider the origami 
robots and self-folding sheet to be potential 
solutions for the applications that require a 
morphing structure [1], [2]. The ambition of these 
researchers is to reach the design of robot with a 
high degree of freedom which is simple 
manufacturing and inexpensive. In addition, it 
can be self-folding, and self-assembly and it can 
be used to operate a minimally invasion task in 
surgery or search and rescue mission because it is 
folded from a 2D sheet into a 3D structure. 
However, there are no real applications of 
folding robots in search and rescue field except 
the two papers by Lee that present a prototype of 
rescue robots using origami wheels. Lee designed 
two robots with deformable wheels using the 
origami magic ball pattern to fabricate the wheels 
[3],[4]. The two robots using a folding structure 
to fabricate a simple part of the robot, but the 
unique characteristics of folding open the future 
to many unexpected designs that can be adopted 
in many robotic fields. 
The two major categories of folding material 
depending on the folding process which are the 
manual folding and self-folding robots. These 
two categories depend on the same steps to 
fabricate the folding robots which are: (1) planner 
and design the pattern, (2) select materials and 
fabrication procedure, and (3) choose the 
actuators that operate the motion or locomotion 
in manual folding robots or operate the self-
folding and locomotion in the self-folding robots. 
The researchers focus on how to fabricate simple, 
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cheap and fast fabrication robots by using a 
folding approach. While in self-folding, the 
researchers focus on morphing the 2D sheet into 
3D structure at the operation task or how can 
build reconfiguration robots by using folding 
approach. 
Some researchers build a printable robot 
using paper and folding it manually [5], [6]. 
Other researchers developed a self-folding hinges 
by using multilayer laminate which consist of 
shape memory polymer SMP, paper or plastic 
sheet, and resistive circuits [7]. They used an 
outer layer of SMP from two sides. This self- 
folding technique shows the capability of 
creating complex geometries. They fabricated a 
printed inchworm robot [8] by using this self-
folding approach. Recently, they developed a 
crawling robot that folds itself by using five 
layers. These layers are two outer SMP layers, 
two paper layers and the middle layer of the 
copper-polyimide [2]. 
This paper focuses on the material that could 
build a folding structure. It is assumed that the 
folding structure could be easily fabricated using 
the 3D printer. The 3D printer can print a sheet 
with solid faces and soft material for the hinges. 
Therefore, it is chosen the Vero material to be the 
solid faces and Tango Plus FLX930 to be the soft 
material. For that reason, the Tango Plus FLX930 
should be analyzed to calculate its mechanical 
behavior such as tensile, bending, and fatigue. 
 
II. Origami and Folding 
Structure 
All folding structures are inspired from 
origami which is the art of paper folding. The 
essential difference is that the folding structure 
could be made from any material, while the paper 
is the major material for origami structure. 
However, all the structural design of any folder 
structure can be obtained by using the principals 
of origami design pattern. 
The creases are the singularity part in folding 
structure and should build from soft material. The 
creases are the locations of localized folds of the 
sheet. Every crease can be folded either convex 
(mountain) or concave (valley). The vertices are 
the endpoints of the crease lines. The faces are 
the closed areas that bounded by the creases and 
it should be built from hard material. All the 
creases with its mountain and valley assignments 
make up the crease pattern. These concepts are 
shown in Fig. 1. The Vero is chosen for solid 
faces and Tango plus FLX930 is chosen for the 
soft creases lines to fabricate the folding structure 
using 3D printer. 
The Tessellation origami is the appropriate 
type of origami shape to produce the folding 
robot because this type has a high flexibility and 
can be reconfigurable after folding. These two 
properties are very important to the functionality 
of robots. Furthermore, the crease patterns of this 
type consist a similar element that can repeat 
forever to form structures on any scale. This 
property makes it easy to put actuation procedure 
for one element and repeat it for all other 
elements. The best examples of Tessellation 
origami are origami magic ball. The major 
features which provide by this design is that, the 
magic ball can contract and expand in all 
directions See Fig. 2.   
One element of magic ball structure was 
printed by using 3D printer see Fig. 3. The 
element has a square shape with 20 mm length 
and 1mm thickness. The creases lines have width 
of 2mm which are made from Tango Plus FLX 
930. The strain in the creases is analyzed before 
these dimensions are chosen.   
 
 
 
 
 
 
Fig. 1. Crease pattern illustrating various origami 
concepts. 
 
 
 
 
 
 
 
 
Fig. 2. (a) Crease patterns of Magic Ball, (b) Origami 
Magic Ball after folding [9]. 
 
 
 
 
 
Fig. 3. One element from the magic ball pattern 
Manufacturing by 3D printer 
 
III. Strain in the creases 
All the deformation for any origami 
structures occurs on the crease line. Whatever it 
is a mountain or valley crease. We should have a 
clear description of this area to achieve a correct 
design. When the crease line is analyzed for any 
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material (not just paper), it should be assumed 
that the crease line work as a hinge connected 
other solid material. This hinge has two effective 
dimensions which are the width b and the 
thickness t. Every crease has a radius of curvature 
R and folding angle θi when it is bent. From these 
parameters,  the strain ε at any point on the edge 
can be calculated as: 
 
 𝜀 =
𝛥𝑙
𝑙
=
𝑟𝜃𝑖−𝑏
𝑏
    (1) 
 
Where r is the variable radius and its value: 
(R ≤ r ≤ R + t) and l is the length. 
By assuming that the maximum fold occurs 
when the two inner sides of a hinge attached, see 
Fig. 4. In this special case, the radius assumed to 
be equal to the thickness and the maximum strain 
on the outer surface of the hinge can be calculated 
as:  
 
 εmax =
t×π
b
 (2) 
 
It can be seen from equation (2) that the 
maximum strain on the creases tip directly 
proportional to the thickness and inversely 
proportional to the width. For example, if there is 
a square hinge (i.e. b=t) the maximum strain is π. 
Therefore, the mechanical tests should be 
operated for the Tango Plus FLX930 material to 
ensure that the maximum strain does not exceed 
by tension, bending and fatigue.  
 
 
Fig. 4. Simple sketch of a hinge with width b, and thickness t . 
Starting from flat shape until it is completely fold. 
 
IV. MECHANICAL TESTS AND 
RESULTS   
Mechanical properties can demonstrate the 
behavior of the materials and give the answer of 
the question for using this material for fabrication 
crease lines in folding robots or not. Our case 
requires several mechanical tests such as tensile 
test, bending test and fatigue test for the Tango 
Plus flx930 material. These three tests can show 
the results for the tensile strength limit, fatigue 
limit and the forces require to fold different 
thickness sheets into many folding angles.  
 
A. Tensile Test 
Although, the tensile test is a traditional 
mechanical test and there are many standards 
which show the modulus of elasticity and the 
tensile strength of different materials, there is 
lack information about tensile strength for 
elastomer materials especially for the materials 
using 3D printer.  
Moreover, it is very hard to calculate the 
modulus of elasticity for elastomer materials 
analytically, because of many issues such as large 
deformation response, and non-linearity of the 
stress-strain curve [10]. Therefore, every new 
elastomer material should have a particular 
tensile test to indicate their properties. Although, 
some elastomer properties depend on time due to 
the hysteresis effect, this test can give us suitable 
induction for these properties. 
The tensile test was operated three times for 
three specimens which have the same shape. The 
specimen has a cylindrical shape with effective 
length and area (37.7mm, 39.92 mm2) 
respectively. All specimens were printed on an 
Object-1000 3D printer in “digital material” 
mode. The final specimen shape can be seen in 
the Fig. 5. 
The test velocity was set at 60 mm/min. After 
that, the test was operated which took almost two 
minutes for every specimen. The stress-strain 
curve can be calculated from the data of load-
displacement which was collected from the 
tensile test machine. It can be determined by 
using traditional equations of stress σ and strain 
which are: 
 
 σ =
F
Ae
 (3) 
 𝜀 =
∆𝐿
𝐿𝑒
  (4) 
 
Where, Ae and Le are the effective area and 
length. 
The stress-strain curve can be seen in the Fig. 
6. This figure shows the stress-strain curve for the 
three specimens, and it is clear that the tensile 
strength of the first specimen equal to 0.68 Mpa 
and the maximum elongation is 260%. For all 
specimens, the tensile strength range is between 
0.63-0.68 Mpa and the maximum elongation 
range is between 250-260% and that is nearly the 
standard that given for this material. 
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Fig. 5. The tensile test specimen made from Tango Plus 
flx930. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. The stress-strain curve for Tango Plus flx930. 
 
B. Bending Test 
The important useful information, which is 
required from the material behavior, is the 
amount of force that could fold the sheet made 
from this material. Therefore, this test can find 
the amount of force which required folding 
different thickness beams into a range of folding 
angles.  
Flat specimens are used for this test which 
have a beam shape. The dimensions of these 
specimens are 40mm length and 10mm width 
with three different thicknesses which are 3mm, 
5mm, and 7mm. In addition, two types of  
specimens are used for the 5mm thickness; the 
first one is completely flat, and the other one has 
a notch on both sides in the middle with 1mm 
radius, see Fig. 7. The reason for using these 
specimens is to find the relation between the 
thickness and the folding force. Furthermore, 
these specimens can show the effect of the notch 
on the folding force. The machine, which was 
used for this test, is the tensile machine with the 
graspers of three-point bending test. These 
graspers used to calculate the material resistant to 
bending damage. We change the middle rod of 
this grasper, which is 6mm thick, with the smaller 
wire, which is 1mm in diameter, to make the 
folding angle sharp and to reach a smaller radius 
of curvature for the folding specimen. The test 
machine requires the speed of test and the final 
displacement to stop. For our situation, we used 
the speed of test 60 mm/min and the final 
displacement 20mm. 
When the folding angles are calculated, it is 
found that there are drooping in load after the 
angles 105o, 120o, 125o and 135o for the 
thickness 3mm, 5mm with a notch, 5mm and 
7mm respectively. This drooping in load due to 
the slipping of specimens from grasper rod sides 
when reaching these angles. 
Therefore, the relationship between the 
folding angles and loads is drawn as it is seen in 
the Fig. 8, and canceled the slipping zone.  
It can be seen from the Fig. 8 that the load 
increase when the thickness increase, but in the 
same behavior and that is clear from the slopes of 
the curves. Furthermore, it can be seen that the 
result for the specimen 3 (5mm thickness with 
notch) does not decrease the load a lot. Although, 
it has a 3mm thickness between the notches, its 
load does not reach the load of specimen 1 (3mm 
thickness). 
 
C. Fatigue test 
The fatigue life limited is very active 
parameter when the material is used in an 
operation that have a dynamic load. In origami 
structure, the material in the hinge subjected to 
repeated load which is produced by folding and 
unfolding process. Therefore, the fatigue limit for 
the Tango Plus FLX930 should be calculated by 
using the fatigue test. Especially, when there is 
lack information for the fatigue life of the 3D 
printed materials. The fatigue test was operated 
for three specimens with three different 
elongation magnitude (30%, 60% and 100%). 
The specimens were designed according to the 
ASTM standard ASTM D4482-11, 2011. The 
final specimen shape that printed on an object-
1000 3D printer can be seen in the Fig. 9. 
 
 
 
 
 
 
 
 
Fig. 7. The bending test specimens made from Tango 
Plus flx930. 
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Fig. 8. The folding angles -loads curves for different 
thickness specimens. 
 
 
 
 
 
 
 
 
 
Fig. 9. The fatigue test specimen made from Tango Plus 
flx930. 
 
The test was operated three times for three 
specimens with different elongation (i.e., the 
elongation is the maximum extension input to the 
machine). The loading and relaxation cycle was 
taken from the ASTM standard. This standard 
specified a testing frequency of 1.7 Hz. The 
results taken from fatigue machine are (6992 
cycles, 3640 cycles and 1861 cycles) for the 
strains (0.32, 0.6, and 1) respectively. From these 
results it can obtain the equation of fatigue life: 
 
 N = (
εa
εo
)
k
 (5) 
 
Where N is the fatigue life in a number of 
cycles, εa is the actual strain and εo & k are the 
constants of the equation. In our case, we can 
calculate the constants as  (εo=732 and k= -1.14). 
Therefore, the equation of fatigue life for the 
Tango Plus FLX930 will be:  
 
 N = (
εa
732
)
-1.14
 (6) 
 
Furthermore, it can obtain the ε-N curve from 
the results which represent the strain vs fatigue 
life for the Tango Plus FLX930. See Fig. 10.   
 
 
 
 
 
 
 
 
 
Fig. 10. ε-N curve for the Tango Plus FLX930. 
 
 
 
 
 
V. Conclusions  
In this paper, it is assumed that the folding 
structure can be printed on the 3D printer using 
the Vero material for surfaces and Tango Plus 
FLX930 for the hinges. The strain and stress can 
be determined in these hinges by assuming them 
as a beam and using mechanical principles 
equations. However, the mechanical properties of 
the material at that hinge must be calculated by 
mechanical tests. 
The mechanical tests for Tango plus improve 
that this material can be used as a hinge for the 
folding structure. Furthermore, it has a high range 
of elongations that can give the folding structure 
more flexibility. The fatigue limit is calculated, 
and it  is shown that this material can be used in 
high dynamic load with the strain limit 0.226. In 
addition, the bending test gives the data that 
could used to calculate the force required for 
folding this material into different folding angles. 
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